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ABSTRACT 


A detailed description is presented of the skeletal anatomy and adaptations of 
Deinonychus antirrhopus Ostrom (1969), a very unusual carnivorous dinosaur 
(Order Saurischia, Suborder Theropoda) from the Cloverly Formation (Early Cre- 
taceous) of Montana. The species is characterized by a number of features that in- 
dicate an extremely active and agile animal, fleet of foot and highly predaceous in 
its habits. The standard tridactyl theropod pes is modified to a didactyl foot (dig- 
its III and IV). Digit II is specialized into an offensive or predatory structure bear- 
ing a large, sickle-shaped, trenchant claw. Of particular significance is the fact 
that this offensive structure occurs on the foot of an obligatory biped. The fore 
limb is long, as is the hand with its long and slender digits bearing large, highly 
raptorial, recurved and trenchant claws. The carpus is unique among lower verte- 
brates in the form of the proximal articular facets of the radiale and ulnare that 
permitted extensive adduction-abduction and supination-pronation of the ma- 
nus. Vertebral structure indicates a nearly horizontal attitude of the dorsal verte- 
brae with a distinct upward curve of the cervical series, much like that of large Re- 
cent ratites. The caudal vertebrae (except the most proximal segments) are unique 
in the development of extremely elongated prezygapophyseal processes and ante- 
rior chevron projections that extend forward over eight to ten segments in length. 
Caudal vertebrae are not fused and normal synovial articular facets are present on 
all zygapophyses. ‘These caudal rods are believed to be ossified tendons of the cau- 
dal extensor and flexor muscles—M. extensor caudae lateralis (= M. sacrococcy- 
geus dorsalis lateralis of mammals)—and functioned as controlled caudal “inflex- 
ors” or stiffeners. The tail is interpreted as a dynamic stabilizer that acted as a sin- 
gle rigid body, instead of a series of separate but linked elements, with the mo- 
ments of inertia of all segments compounded into a single, simultaneously acting 
force (or counter force). Deinonychus is most closely related to Dromaeosaurus al- 
bertensis and is referred to the Dromaeosauridae (= Dromaeosaurinae of Mat- 
thew and Brown, 1922). Also referred to this family are Velociraptor mongoliensis, 
Saurornithoides mongoliensis and Stenonychosaurus inequalis. 


ZUSAMMENFASSUNG 


Es liegt eine eingehende Beschreibung des Skelettbaus und Anpassungsmerkmalen 
des Deinonychus antirrhopus Ostrom (1969) vor, ein sehr ungewohnlicher, fleisch- 
fressender Dinosaurier (Ordnung Saurischia, Unterordnung Theropoda) aus der 
Cloverly Formation (Untere Kreide) von Montana (USA). Die Spezies ist geken- 
nzeichnet durch eine Anzahl von Merkmalen, die auf ein besonders aktives und 
bewegliches Tier hinweisen, schnellfiissig und sehr rauberisch in seinen Anlagen. 
Der normale tridactyl theropod pes ist abgeindert in einen didactyl Fuss (die 
Zehen III und IV). Die Zehe hat eine besondere Struktur, offensiv oder rauber- 
isch, die von einer sichelférmigen, scharfen Klaue gehalten wird. Von besonderer 
Bedeutung ist die Tatsache, dass die offensive Struktur sich am Fusse eines obli- 
gatorischen Zweifiisslers befindet. Das Vorderbein ist lang, sowie der Fuss mit 
seiner langen und schlanken Zehe, die von einer grossen sehr rauberischen, zu- 
rickgebeugten und scharfen Kralle gehalten wird. Die Handwurzel ist einmalig 
unter niederen Wirbeltieren in der Form der proximal verbindenden Fazetten 
von der Speiche und der Elle, die ein ausgedehntes Anzieh-Abzieh und Drehungs- 
strecken der Manus erlaubt. Der Wirbelbau zeigt eine fast horizontale Haltung 
des Riickenwirbels mit einer ausgepragten aufwarts gerichteten Kurve der Halswir- 
bel, annlich wie das von grossen Recente Ratiten. Die Schwanzwirbel, (ausgenom- 
men die meist proximalen Teile) sind einzigartig in der Entwicklung von stark 
verlangerten prezyapophysalen Fortsitzen und vorderen Chevron-Fortsatzen, die 
acht bis zehn Wirbel lang hinausragen. Die Schwanzwirbel sind nicht verwachsen 
und Gelenkschleimendflachendes Wirbelzentrums sind in allen Zygapophysen 
vorhanden. Man glaubt, dass die Schwanzgurte mit der Sehne des Strecken- 
muskels und Beugemuskels verknéchert ist und die Aufgabe hat der Schwanzbeu- 
ger oder Versteiffer zu kontrollieren. Der Schwanz wird als ein dynamisches 
Gleichgewicht bezeichnet der sich als ein steifer Korper verhalt anstatt einer An- 
zahl von getrennten aber verkriippelten Bestandteilen, die mit den Tragheitsmo- 
menten von allen Teilen in eine gleichzeitig einwirkende Kraft (oder Gegen- 
kraft) zusammengesetzt wird. 

Deinonychus ist sehr nah verwandt mit dem Dromaeosaurus albertensis und es 
wird hier auf den Dromaeosauridae (= Dromaeosaurinae von Matthew und 
Brown, 1922) verwiesen. Ausserdem wird auf die Familie der Velociraptor mongo- 
liensis, Saurornithoides mongoliensis and Stenonychosaurus inequalis verwie- 
sen. 


PE30OME 


Jjanuo JeTambHoe ONnCaHHe CKedeTHOH aHaTOMHM uM UpHcnocoOsenHoctelt Deino- 
nychus antirrhopus Ostrom (1969), oveHb HeOObIKHOBeHHOTO XHIIHOTO AMHOZaBpa 
(oTpal Saurischia, nof,oTpaq Theropoda) us dopmanun NaoBepan (HwKHNi Mer) 
Mountannt. Bepcta xapakTepHsyeTcA MHOTHMM OCOOCHHOCTAMH, YKAa3YIONMMH Ha kpaii- 
He akTUBHOe H WOABUAKHOe KUBOTHOR, OLICTPOHOTOe UM OYeHb XHULHOTO OOpasa WKHBHH. 
CranfapTuad Tpexllatad TeponoqHad cTONa MOAUPMUNpOBaHa B AByNaayio (III u IV 
Tlatem). Il nate cleuvatn3sHpoBadca B CTPYKTYpY AAA HallaleHuA, HOCHILyIO O0Ib- 
WO cepnoBHAHH, OcTpHii KOroTh. OcoOOeHHO BHAYHTeJeH TOT (akT, UTO 9Ta CTPYK- 
TYpa JAA HallaeHUA HAXOMUTCA Ha CTOMe OOMBaTeAbHO ABYHOTOLO wuBOTHOrO. Ilepex- 
Hie KOHEYHOCTH OATH, KHCTS TOKE; e€€ TOITHe WH TOHKHE MadbUbl HOCAT OorbMHe 
KOITH, 3arHOaionvecs Hasal UM OCTpHe, OOAMKA OUCH THIMMUAOTO LAS XMMIHBIX. da- 
IACTHE €HHCTBEHHOe [A HWIKHAX WO3BOHOUHBIX 10 OOAMKY IpPOKCHMAAbHBIX cOue- 
HOBHHIX TOBePXHOCTel AyUeBOH WM TOKTeBOM KOCTOUKM KHCTH; VTOT OOAHK NO3sB0IAT 
BHAYHTeAbHOe IPHBeeHHe-OTBeeHHe WM CYyMMHALNIO-nponannw KucTH. UosBonoqnasn 
CTPYKTYpa ykasblBaeT Ha MOUTH TOPH3OHTAABHYIO MO3HIHIO CIMHHBIX MO3BOHKOB, C 
OTYeETINBOH KPHBH3HOK BBepX WeiHO cepHH, B WeIOM OYeHb WOXOKA Ha TY COBPeMeH- 
HBX Ocraiomux. XBOCTOBbIe MO3BOHKM (C MCKIIOUeHHeM CaMBIX IIpOKCHMAMbHBIX ) 
€HHCTREHHEIE 110 pasBUTHIO kpaline yYLIMHEHHHIX IpesHTranoMus30B, a Takike MepeqHHX 
TMeBPOHOBLIX OTPOCTKOB IpOCTHPaMNXCA JAMHHOH BOCDMH JO JeCATH IWO03BOHKOB. 
XBOCTOBBIe NO3BOHKH He CAWAMCh Mey CoO, HOPMAaIbHbIe CHHOBHAIbHDIe cOure- 
HOBHEIe NOBEPXHOCTH HaXOMATCA Ha BCeX 3uTranodusax. Mbt cunTaeM, 4YTO WeBPOHO- 
Bble OTPOCTKH ObITM OKOCTCHCHHBIMH CYXOKUANAMM XBOCTOBHIX pasrnOalomuiux HM CrH- 
Oaiomux mbm — M. extensor caudae lateralis (— M. sacrococcygeus dorsalis 
lateralis MieKONMTaIONIuxX) —- MH JlelicTBOBAIH Kak KOHTPOAHPOBaHHble XBOCTHBIC 
“nsrnOaTedn” HIM ykpenutTern. Hama nATepipeTalua — TO 9TOT XBOCT OBI AWHa- 
MMYeCKHM CTAaOHINBaTOpPOM, TelicTBYIONIMM Kak OHO wkecTKOe Tel0. banxaiimui por- 
CTBeHHHK Deinonychus — Dromaeosaurus albertensis; Mbt OTHOCHM Deinonychus & 
cemeiictrsy Dromaeosauridae (= Dromaeosaurinae Matthew and Brown, 1922). 
Mb ToxKe OTHOCHM K 9TOMY CeMelictBy Velociraptor mongoliensis, Saurornithoides 
mongoliensis 4 Stenonychosaurus inequalis. 
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1. INTRODUCTION 


During the summer of 1964, an expedition from Yale University’s Peabody Mu- 
seum under the author’s direction explored exposures of the Cloverly Formation 
(Early Cretaceous) in Wyoming and Montana in search of fossil vertebrate re- 
mains. Among the important discoveries made was that of the spectacular little 
carnivorous dinosaur described here—an animal so unusual in its adaptations 
that it undoubtedly will be a subject of great interest and debate for many years 
among students of organic evolution. Although of modest size, this creature was 
one of the most unusual of all dinosaurs and provides entirely new insight on the 
classification of predaceous dinosaurs and on the surprisingly sophisticated capa- 
bilities possessed by some theropods. 

At the very moment of discovery, it was evident from the few fragments ex- 
posed on the surface that we had stumbled across something very unusual and 
quite unlike any previously reported dinosaur. Excavation began immediately and 
was continued over the remainder of that field season and much of the following 
two summers. To date, more than 1000 incredibly well-preserved bones, represent- 
ing at least three individuals, have been recovered from the site. In many in- 
stances, preservation is superior to that of the Oligocene White River series or of 
the Miocene John Day beds. This unusual preservation permitted a more detailed 
analysis than is generally possible for Mesozoic remains and was a major factor 
underlying the functional interpretations presented here. 

At the time we made our discovery we were unaware of the existence of re- 
mains of this animal in any museum. Almost two years later, I found the fragmen- 
tary remains of two specimens in the collections of the American Museum that had 
been collected more than 30 years earlier by Barnum Brown from two sites on 
the Crow Indian Reservation in Montana. These specimens had been partly pre- 
pared, but never studied and no report had been issued. It is only by chance that 
they are included in the present study because some time during the 30-odd years 
since their collection they were moved from their logical place in the American 
Museum collections. Through the courtesy of Dr. Edwin H. Colbert, these mate- 
rials have been placed in my hands for study and description. 

Specimens referred to in this report are maintained in the paleontologic collec- 
tions of the following institutions, the names of which are abbreviated as follows: 


AMNH — American Museum of Natural History 


NMC — National Museum of Canada 

PU — Princeton University 

ROM — Royal Ontario Museum 

USNM — United States National Museum 

YPM -— Peabody Museum of Natural History, Yale University: Vertebrate 


Paleontology Collection 
YPMOC — Peabody Museum of Natural History Osteology Collection 
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2. STRATIGRAPHIC AND LOCALITY DATA 


All the known specimens of Deinonychus were collected at three localities in 
southern Montana (Fig. 1). The first collections were made by Barnum Brown in 
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FIG. 1. Locality maps of the American Museum (A) and the Yale (B) Deinonychus sites in south- 
ern Montana. 
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1931 and 1932 on the Cashen Ranch in the Crow Indian Reservation some 30 
miles (48 km) southeast of Billings, Montana. The first specimen (AMNH 3015), 
apparently discovered by Brown himself, consists of the major part of a poorly pre- 
served skeleton lacking the skull. Specimen 3037 (AMNH), consisting of several 
dozen fragments (chiefly from the manus and pes), was found the following year at 
a second site slightly more than half a mile (0.8 km) from the original find. The 
first specimen was recovered from a small excavation (AMNH Locality 31-7) sit- 
uated in the NW 1) of Section 33, T.4 S., R.29 E., Big Horn County, Montana, ap- 
proximately half a mile (0.8 km) southeast of the Cashen ranch house on Beauvais 
Creek (Fig. 1A). Specimen 3037 (AMNH) was collected at AMNH Locality 32-8 in 
the N.E. 14 of Section 32, T.4 S., R.29 E., Big Horn County, Montana. The Yale 
Deinonychus collections were made at a single site shown in Figure 2 (YPM Lo- 


Fic. 2. The Yale Deinonychus quarry, southeast of Bridger, Montana. Photograph by Ronald 
Brown, August, 1966. 


cality 64-75) approximately 7 miles (11 km) southeast of Bridger, Montana, some 
35 miles (56 km) west and south of the American Museum localities noted above. 
The Yale quarry is situated in the N.E. 14 of Section 17, T.7 S., R.24 E., Carbon 
County, Montana, approximately 1.5 miles (2.4 km) northeast of the Edwards 
Ranch (Fig. 1B). 

A majority of the fossil remains recovered from the Yale site occurred as associ- 
ated but disarticulated bones. Notable exceptions are the three remarkable caudal 
series (YPM 5201, 5202 and 5203), a left pes (YPM 5205) and a nearly complete 
left manus (YPM 5206). The disarticulated occurrence of most of the other skele- 
tal elements found in this quarry made it impossible to establish definite individual 
associations in many instances. Accordingly, wherever there was doubt regarding 
the association of several elements or groups of elements, these were catalogued 
as separate specimens. Consequently, the Yale Deinonychus materials have been 
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catalogued as more than 50 separate entries, although they may in fact represent 
as few as three individuals. In spite of this, I believe that YPM 5203 (a caudal se- 
ries), 5205 (left and right pes), 5206 (left and right manus) and 5210 (several verte- 
brae and an incomplete skull and jaws) belong to a single individual because of 
distinctive preservation common to these alone and the fact that they are all 
slightly larger than other comparable elements obtained at the Yale site. However, 
owing to their separated occurrence in the quarry, I have no proof. Furthermore, 
I have no doubts that the remains listed from the Yale quarry belong to a single 
species and I have thus based the species diagnosis on the hypodigm and not on 
the type specimen alone. 

No precise stratigraphic data were recorded by Barnum Brown for the two 
specimens collected by him, but thanks to an aerial photograph (Brown, 1941: 
293) and a tracing paper overlay found in the American Museum files, showing 
the location of these and other sites, this information has been recovered. AMNH 
3015 was collected very close to the middle of a chalcedony-concretion-bearing 
claystone (Unit V in Ostrom, MS), the Little Sheep Mudstone Member of Mo- 
berly’s (1960) Cloverly Formation, 21 to 24 feet (6.4-7.3 m) below the base of a 
massive, grey-brown, cross-bedded sandstone (Unit VI, Ostrom, MS) and approxi- 
mately 103 feet (31 m) below the thin-bedded, yellow or rust-colored sand- 


Edwards Ranch Cashen Ranch 
Carbon County, Big Horn County, 
Montana Montana Key 


sandstone 


crossbedded ss, 


thin-bedded ss. 


siltstone 


vi FE = 


limestone 


Cloverly Formation 


MNH siliceous pebbles 


#3037 
ss, 
= _ oe chert concretions 
= 
$2 
£ 10 
S 
oa 20 
S 
a? 30 
= 
So 
= 


Fic. 3. Stratigraphic sections at the Yale (Edwards Ranch) and American Museum (Cashen Ranch) 
Deinonychus localities showing the levels of the three sites. Roman numerals have been assigned 
to parts of the non-marine section (Morrison-Cloverly Formations of some authors) by the pres- 
ent author (MS). Unit V corresponds in part to the Little Sheep Mudstone Member and Unit 
VII equals part of the Himes Member of the Cloverly Formation as defined by Moberly, 1960. 
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stone (Unit VIII, Ostrom, MS) that caps most of the scarps in the Beauvais Creek 
area and represents the terminal phase of Early Cretaceous continental deposi- 
tion in the region (Fig. 3). 

The exact stratigraphic position of AMNH No. 3037 is not known, but expo- 
sures in the vicinity indicated by Barnum Brown’s photograph limit the level to a 
10 foot (3.05 m) zone approximately 6 to 16 feet (1.8-4.9 m) below a massive sand- 
stone (Unit VI) and approximately 70 to 80 feet (21-24 m) below the capping sand- 
stone (Unit VIII). The level of this site also appears to fall within Moberly’s Lit- 
tle Sheep Mudstone Member of the Cloverly Formation. 

The Yale specimens were all collected from a 10 to 18 inch (25-46 cm) zone in 
the lower third of a brightly variegated claystone (Unit VII), 11.5 feet (3.5 m) 
above a fine-grained, cross-bedded sandstone (Unit VI?) and 52 feet (16 m) below 
Unit VIII (Fig. 3). This corresponds to the upper part of the Himes Member of 
Moberly’s (1960) Cloverly Formation. 


3. SYSTEMATICS 


CLASS REPTILIA 


ORDER SAURISCHIA 
SUBORDER THEROPODA Marsh, 1881 


FAMILY DROMAEOSAURIDAE Matthew and Brown, 1922 


DEFINITION: Small to moderate-sized theropods, lightly built and bipedal in pos- 
ture. Fore limb not reduced. Manus long and slender with three functional digits. 
Digit III moderately divergent and carpus highly specialized with asymmetrical 
ginglymus on radiale. Hind limb long, pes of moderate length and functionally 
didactyl. Digit II modified as an offensive or predatory weapon with a large, 
trenchant claw. Digits III and IV subequal and normal, digits I and V reduced. 
Eight to 9 cervical vertebrae, 13 to 14 dorsals, and 3 to 4 sacrals. Caudal series of 
Deinonychus highly modified by extremely long chevron and prezygapophyseal 
processes which rendered the tail virtually inflexible throughout most of its 
length. Comparable caudal modifications are presumed, but not known, in other 
taxa referred to the family. 


DISTRIBUTION: Late Aptian or Early Albian to Late Campanian or Early Mae- 
strichtian, western interior of North America and central Mongolia. 


DEINONYCHUS Ostrom, 1969 
Ostrom, John H. 1969. Postilla 128:1-17. 


TYPE SPECIES: Deinonychus antirrhopus. 
DISTRIBUTION: Late Aptian or Early Albian, south central Montana. 


DIAGNOSIS: Same as for the species, given below. 
DEINONYCHUS ANTIRRHOPUS Ostrom, 1969 
Ostrom, John H. 1969. Postilla 128:1-17. 


TYPE: YPM 5205, a complete left pes and an incomplete right pes. 
11 


12 PEABODY MUSEUM BULLETIN 30 


HYPODIGM: YPM 5201, 5202 and 5203, three series of articulated caudal vertebrae. 

YPM 5204, part of the atlas, the axis, fourth and fifth cervicals and the 
fourth, sixth, seventh and ninth dorsals. 

YPM 5206, nearly complete left and right manus. 

YPM 5210, an incomplete skull and jaws (vomers, left and right quadratoju- 
gals, both squamosals, a left articular, left and right pterygoids, a right 
ectopterygoid, right surangular, left jugal, right angular, left dentary, 
numerous teeth, the atlas, axis and seventh cervical, the first and tenth 
dorsals and an anterior (3rd or 4th) caudal. 

YPM 5232, consists of the right maxilla, right and left nasals, right and left 
dentary, right and left (incomplete) premaxillae, right and left jugals, 
right squamosal, both postorbitals, right lachrymal, right and left articu- 
lars, left palatine, left angular and right quadratojugal. 

YPM 5207-5209, 5211-5231, 5233-5265, various isolated and fragmentary ele- 
ments. 

AMNH 3015, an incomplete skeleton, lacking the skull. 

AMNH 3037, fragmentary foot bones. 


HORIZON: Cloverly Formation, lower part of Unit VII (= upper part of Himes 
Member of Moberly, 1960) and upper part of Unit V (= Little Sheep Mudstone 
Member of Moberly, 1960), ranging from 50 to 100 feet (15-30 m) below the Sykes 
Mountain Formation. (Units V and VII are defined in my report on the stratig- 
raphy and paleontology of the Cloverly Formation—Ostrom, MS). 


LOCALITIES: YPM 64—75—NE ¥, Sec. 17, T.7S., R.24 E., Carbon County, Montana. 
AMNH 31-7—NW ¥y, Sec. 33, T.4 S., R. 29 E., Big Horn County, Montana. 
AMNH 32-8—NE ¥y, Sec. 32, T.4 S., R. 29 E., Big Horn County, Montana. 


DIAGNOSIS: A small, bipedal theropod with a moderately large head, moderately 
long and well-developed hind limbs, fore limbs elongated, manus long and slen- 
der in construction. Pes of medium length with four digits, the fifth represented 
by a vestigial metatarsal. Digital formula 2-3-4—5-0. Digits III and IV subequal in 
length, II specialized and bearing a very large, trenchant and strongly recurved 
ungual, I reduced and directed backward. Pes functionally didactyl (III and IV). 
Distal end of metatarsal II deeply grooved; metatarsal III not greatly compressed 
proximally. Articular facets of II developed to permit unusual extension but very 
limited flexion between first and second phalanges. Manus with three very long 
digits (formula 2-3-4), digits IV and V lost. Metacarpal I short and irregular in 
shape. Metacarpal III long, slender and divergent from II. Carpus consists of ra- 
diale and ulnare only. Radiale with well-defined asymmetrical ginglymus proxi- 
mally for articulation with radius. Humerus and radius-ulna not reduced. Skull 
with large, sub-circular to oval orbits and three antorbital fenestrae. Supraorbital 
rugosities on postorbital and lachrymal. Preorbital bar slender and in weak con- 
tact with a thin, plate-like jugal. Quadratojugal very small, T-shaped, and ap- 
parently not in contact with squamosal. Nasals long, narrow and unfused. Inferior 
premaxillary process forms lower margin of external naris. Pterygoid very long 
and slender, ectopterygoid complex and pocketed ventrally. Palatine expanded, 
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with subsidiary palatine fenestra medially. Fifteen maxillary teeth, four asymmet- 
rical, sub-incisiform premaxillary teeth, sixteen sub-isodont dentary teeth. All 
teeth with anterior and posterior serrations; denticles of posterior serrations 
nearly twice as large as denticles of anterior serrations on all teeth. Twenty-two or 
23 presacral vertebrae, 3 or 4 sacrals and approximately 40 caudals. Cervical verte- 
brae of moderate length, massive, platycoelous and sharply angled. Dorsals short 
and platycoelous to amphiplatyan with well developed hyposphene-hypantrum, 
and bearing short, stout neural spines. All presacrals with small but deep pleuro- 
coels. Caudal vertebrae long and platycoelous. All caudals except the first 8 or 9 
bear extremely long (up to 10 segments), rod-like, prezygapophyseal processes. 
Chevrons also elongated into long, paired, double bony rods extending forward 
beneath the preceding 8 or 9 segments. Ischium with triangular obturator process. 
Pubis (if correctly identified) short and greatly expanded into a subcircular, scoop- 
shaped element, with a distinct obturator foramen. 


4. GENERAL DESCRIPTION 


In the following description of the osteology of Deinonychus, numerous compari- 
sons are made with corresponding elements of various other theropods, in the 
usual manner. Although somewhat unusual, it is appropriate at this point to 
draw the reader’s particular attention to the apparently confusing and inconsist- 
ent implications of these comparisons. To summarize in advance, Deinonychus ap- 
pears to have been characterized by both “carnosaurian” and “coelurosaurian” 
traits, a number of which have been considered as diagnostic by some authors. A 
tally of these features and a discussion of their possible significance is presented in 
the final section of this report, but in the meantime, I wish to emphasize that the 
osteological comparisons that occur throughout the following descriptive text 
should be read as comparative only, without any phylogenetic inferences 
whatsoever. 


THE CRANIAL SKELETON 


SKULL 


Disarticulated elements of two skulls were recovered from two widely separated 
points in the Yale quarry. Included were most of the dermal elements, but the 
skull roof and braincase were not found and these remain unknown. Many of the 
bones recovered are thin and extremely fragile, yet most are intact with even deli- 
cate processes preserved. The fact that only disarticulated but little-damaged ele- 
ments were found suggests that the skull was very loosely bound together and 
probably highly kinetic. 

Skull YPM 5210 consists of both squamosals and quadratojugals, parts of both 
pterygoids, the right ectopterygoid and palatine, right postorbital, left jugal, a 
partial vomer and numerous teeth. Associated with these were several parts of the 
mandibles; a left dentary and articular, and the right surangular, angular, prear- 
ticular and splenial. Skull YPM 5232 includes the right maxilla, nasal and pre- 
maxilla, the left nasal and premaxilla, both jugals, the right postorbital, squamo- 
sal, lachrymal and quadratojugal, and the left palatine and postorbital, plus 
numerous teeth. Collected near the site of these skull elements, but not clearly as- 
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sociated with either individual, were a left ectopterygoid and a right pterygoid 
(YPM 5233) and a fragmentary left pterygoid (YPM 5239). ‘The lower jaws are 
represented by a left dentary, both articulars and a left angular. Other mandibu- 
lar elements recovered nearby were a left splenial (YPM 5237) and a right sur- 


angular (YPM 5234). 
The skull, as reconstructed from these elements and shown in Figures 4 and 5, 
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FIG. 4. Restoration of the skull and mandible of Deinonychus antirrhopus. Dark stippling indi- 
cates known elements, light stippling indicates unknown parts. Based on elements from at least 
two skulls, so proportions are only approximate. Notice the two small anterior antorbital fenes- 
trae and the relatively large external mandibular fossa. Abbreviations: ang—angular; aof—antorb- 
ital fenestra; ar—articular; de—dentary; emf—external mandibular fossa; en—external naris; 
ju—jugal; la—lachrymal; Itf—lateral temporal fenestra; ma—maxilla; na—nasal; or—orbit; pm 
—premaxilla; po—postorbital; qj—quadratojugal; qu—quadrate; sa—surangular; sq—squamosal. 
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FIG. 5. Restoration of the palate of Deinonychus antirrhopus, based upon disarticulated elements 
from at least two skulls. Dark stippling indicates known elements, light stippling unknown 
regions. Proportions are only approximate. Abbreviations: ect—ectopterygoid; in—internal naris; 
iptv—interpterygoidal vacuity; ju—jugal; ma—maxilla; pal—palatine; pf—palatine fenestra; pm 
—premaxilla; pt—pterygoid; qj—quadratojugal; spf—subsidiary palatine fenestra; stf—subtem- 
poral fossa; v—vomer. 


is moderately long, approximately 300 to 320 mm, with moderate to large-sized or- 
bits (probably oval) and lateral temporal fenestrae. Three antorbital fenestrae are 
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present, of which the two anteriormost are of small size. The posterior antorbital 
fenestra is larger than the orbit and triangular in shape. The skull appears to have 
been low, measuring approximately 110 to 115 mm in height at the postorbital 
bar, or approximately one third of the cranial length. 


TABLE 1. Estimated skull and jaw dimensions of Deinonychus antirrhopus 
(based on YPM 5210 and 5232) 


Greatest length of skull 320 mm 
Greatest width of skull 150 mm 
Greatest height of skull 115 mm 
Maxillary tooth row length 130 mm 
Upper tooth row length 160 mm 
Orbit height 75 mm 
Orbit length 250 mm 
Lateral temporal fenestra height 80 mm 
Lateral temporal fenestra length 235 mm 
Principal antorbital fenestra height 60 mm 
Principal antorbital fenestra length ?80 mm 
Lower jaw length 310 mm 
Dentary tooth row length 140 mm 
Maximum lower jaw depth ?50 mm 


A convenient index of head size is the ratio of skull length to length of the 
presacral vertebral column. Neither of these dimensions is known exactly in 
Deinonychus, so a precise ratio is not possible. However, using what I consider to 
be reliable estimates of 30 to 32 cm for the skull (based on the two Yale skulls) and 
80 to 85 cm for the presacral series (based on the American Museum skeleton and 
a presacral count of 23), this ratio must have been .35 to .40. This is a surprisingly 
high value; in fact it is exceeded only by that of Tyrannosaurus among adequately 
known theropods. A comparison of skull/presacral ratios in various theropods is 
as follows: 


Ornithomimus! altus (AMNH 5339) Wy 
Coelophysis longicollis (AMNH 7224) 20 
Ornitholestes hermanni (AMNH 619) _ .24 


Allosaurus? fragilis (USNM 4734) .28 
Deinonychus antirrhopus .35—.40 
Tyrannosaurus rex (AMNH 5027) Al 


The following cranial elements are not known: basioccipital, exoccipital, su- 
praoccipital, basisphenoid, laterosphenoid, opisthotic, parasphenoid, presphe- 
noid, orbitosphenoid, parietal, frontal, prefrontal, prootic, quadrate. 


11 consider Ornithomimus and Struthiomimus as synonyms. 

21 prefer Marsh’s (1877) name Allosaurus on the grounds that Leidy’s (1870) type of Antrode- 
mus valens (USNM 218, a posterior half of a caudal centrum) is indeterminate; it could belong 
to Ceratosaurus or Allosaurus. There is no way to establish which of these two large Morrison 
theropods is represented by Leidy’s vertebra. Marsh’s excellent topotype of Allosaurus (USNM 
4734) provides an adequate basis for the taxon, supplementing the poor type specimen (YPM 
1930). 
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MAXILLA 


The right maxilla of YPM 5232 is nearly complete and only slightly crushed 
(Fig. 6). In lateral view, it is triangular in shape, with the narrow apex directed 


Fic. 6. Snout of Deinonychus antirrhopus, skull YPM 5232, right side viewed in reverse. Notice 
the subsidiary antorbital fenestrae. Abbreviations: aof—antorbital fenestra; aof’? and aof’—sub- 
sidiary antorbital fenestrae; en—external naris; ma—maxilla; na—nasal; pm—premaxilla. 


forward and the rear margin deeply emarginated by the anterior boundary of the 
large antorbital fenestra. The upper margin forms a nearly straight, forward- 
sloping contact with the nasal. The anterior margin curves downward to form a 
moderately broad, digitate suture with the premaxilla. The inferior margin is 
straight and not curved or undulating as in Allosaurus, Gorgosaurus and Tyran- 
nosaurus. Posteriorly, both upper and lower processes taper gradually to re- 
stricted contacts with the lachrymal and jugal respectively. 

The alveolar groove contains 7 functional teeth, 3 incompletely erupted re- 
placement teeth and 5 additional vacant alveoli, for a total of 15 maxillary teeth. 
This compares with 16 to 18 in Allosaurus, and 13 and 12 respectively in Gorgo- 
saurus and Tyrannosaurus. Coelophysis bears 16 to 22 maxillary teeth and Orni- 
tholestes* has 9 or 10. 

The largest tooth is situated at about mid-length of the tooth row. The last 4 to 
6 alveoli appear to have contained somewhat smaller teeth than those preserved 
along the remainder of the tooth row. The lateral surface above the alveolar mar- 
gin is marked by numerous foramina arranged in two more or less distinct rows 


3 Examination of the type specimens has led me to conclude that Ornitholestes and Coelurus 
may not be synonymous. Until thorough comparisons can be made, I prefer to consider these as 
distinct and to use Ornitholestes in reference to the American Museum specimens and Coelurus 
for the Yale specimens. 
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that roughly parallel the alveolar border. Smaller foramina are situated irregu- 
larly between or above these rows. Presumably these foramina were vascular 
routes. No interdental plates are preserved. 

The posterior maxillary margin defines the anterior limits of a large antorbi- 
tal fenestra, apparently triangular in shape, judging from the preserved frag- 
ments of other bordering elements. Immediately anterior to this fenestra is a 
small, semicircular, accessory antorbital opening that is best described as a second 
antorbital fenestra. Anterior and slightly below this secondary fenestra is a nar- 
row, nearly vertical, curved slit. This may correspond to the postnarial foramen 
described by Gilmore (1920) in Ceratosaurus, but on size alone it perhaps should 
be considered a third antorbital fenestra. The maxilla does not contribute to the 
narial opening, being separated from it by inferior processes of the nasal and 
premaxilla. 

The medial surface of the maxilla (YPM 5232) is partly obscured by the left 
premaxilla, nasal and the vomers. ‘The most prominent feature visible is a medi- 
ally directed shelf or ledge, some 15 to 20 mm above the internal alveolar margin, 
that appears to extend the entire length of the maxilla. Anteriorly it is a thin plate 
of bone with a rather sharp medial edge, but posteriorly it forms a rounded ridge. 
This appears to have been nearly horizontal and probably represents the lateral 
portions of a secondary palate the remainder of which was cartilaginous or mem- 
branous. Ascending from this ledge, subparallel to the external maxillary surface, 
is a thin bony lamina that defines a narrow lateral space situated medial and ven- 
tral to the second antorbital fenestra. A thin pillar of bone extends from this 
lamina dorsolaterally to join the bony bar separating the two largest antorbital 
fenestra. Thus there appears to have been a well-defined lateral chamber of un- 
known function associated with the two anterior antorbital fenestrae, and perhaps 
extending forward to the external nares. 


PREMAXILLA 


Both premaxillae are preserved in YPM 5232, but the left element is severely 
crushed. The right premaxilla (Fig. 6) is complete except for the extremities of the 
maxillary and nasal processes. The main body of this bone is subrectangular with 
nearly vertical anterior and posterior margins. The upper margin is deeply em- 
bayed by the narial opening which is limited anteriorly and dorsally by a thin, 
slightly sinuous, parallel-sided, superior process. A longer, tapered, inferior maxil- 
lary process defines the lower margin of the narial opening and joins the upper 
anterior edge of the maxilla in a squamose articulation. The nearly vertical poste- 
rior margin provides a firm, digitate sutural union with the anterior margin of 
the maxilla. The median articular surface is almost completely smooth and flat, 
with only faint rugosities near the tip of the upper (nasal) process and just above 
the alveolar border. This would seem to indicate that the mid-line suture be- 
tween the two premaxillae was not particularly firm. 

The alveolar margin is slightly irregular due to breakage of the thin bone 
laminae around the alveoli, but it probably was straight or only slightly curved 
upward anteriorly toward the mid-line. There are four alveoli, one of which con- 
tains a strongly asymmetrical replacement tooth. 
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The external premaxillary surface is marked by a number of foramina ar- 
ranged in several rows from 5 to 12 mm above the alveolar border, just as in the 
maxilla. These presumably were for passage of vascular elements, perhaps related 
to dental lamina. The area immediately beneath the narial opening is depressed, 
forming a concavity perhaps twice as large as the narial opening, suggesting that at 
least part of the nasal capsule was situated external to the bony snout elements— 
the premaxilla and nasal. 

The internal premaxillary surface is marked by several irregular depressions 
and minute foramina in the region just above the alveolar margin. There also is 
a distinct medially projecting ridge that extends up and back along the base of 
the lower or maxillary process. This appears to be a continuation of the similar 
feature noted on the internal maxilla surface. 


NASAL 


Both nasals are preserved almost intact in YPM 5232 (Fig. 6). The nasal is a 
long narrow bone, perhaps equal to half the total skull length. The posterior ex- 
tremity is not preserved in the materials at hand so the actual maximum length is 
not known. The most surprising feature of the nasal is its extreme narrowness, a 
condition that approaches that of Tyrannosaurus; the maximum _ preserved 
width is 17 mm compared with an incomplete length of 143 mm. Anteriorly, the 
nasal is L-shaped in cross-section, with the medial, horizontal lamina consider- 
ably thicker (3.2 mm) than the nearly vertical, lateral lamina (1.7 mm). The width 
of the dorsally facing medial lamina ranges from about 7 mm anteriorly to ap- 
proximately 17 mm at the incomplete posterior end. The sharp, 90° angulation 
between the dorsal and lateral surfaces anteriorly fades into a rounded surface 
posteriorly and ultimately merges with the ventral border and the contact with 
the maxilla. Thus, posteriorly, the nasal forms only a narrow, dorsally directed 
surface, whereas anteriorly it forms both dorsal and lateral surfaces. The two 
nasals meet in a straight, edge-to-edge contact 1.5 to 2.5 mm thick. Their very 
narrow, flat dorsal surfaces indicate that the midline region of the snout upper 
surface was unusually narrow (no more than 35 mm above the principal antorbital 
fenestrae) and sharply delimited from the lateral snout surfaces. From this it is 
clear that the maxillae and premaxillae sloped laterally at a lower angle than 
was characteristic of most other theropods. 

The nasal contacted the maxilla in a nearly straight, edge-to-edge junction 
anteriorly, but posteriorly it appears to have been a rather broad, tongue-and- 
groove-like union. Immediately above the maxillary articulation at the level of the 
middle antorbital fenestra there is a distinct but narrow groove with three moder- 
ate-sized, oval foramina. The dorsal surface features a number of smaller fora- 
mina, most of which are irregularly placed, but among these are six rather promi- 
nent, dorsally directed foramina that are arranged in a straight line and spaced 
exactly 10 mm apart. I do not recall any record of such a condition in other thero- 
pods and I have no explanation for this pattern. 

Anteriorly the nasal is deeply emarginated by the posterior margin of the oval, 
external narial opening. A rather robust superior process extends forward and 
downward to underly the upper process of the premaxilla. The former is deeply 
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grooved for reception of the upper premaxillary process. The lower process of the 
nasal is less robust than the upper, but it too is grooved on its underside for recep- 
tion of the inferior premaxillary process. ‘Thus, the junctions between nasal and 
premaxilla appear to have been quite firm. 


LACHRYMAL 


A nearly complete right lachrymal (Fig. 7) was recovered a few inches from the 
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FIG. 7. Right lachrymal (reversed) of Deinonychus antirrhopus, YPM 5232, in medial (A) and 
lateral (B) views. Abbreviations: ju—jugal process; na—contact of the nasal; po-pf—postorbital- 
postfrontal process. 


maxilla described above (YPM 5232), but unfortunately no contact between the 
two is preserved. This bone is T-shaped, with the cross-bar considerably more ro- 
bust than the vertical shaft. In fact, the vertical shaft is remarkable because of its 
slender nature, in marked contrast to the robust preorbital bar of Allosaurus, 
Ceratosaurus, Gorgosaurus and Tyrannosaurus, and apparently also of most 
“coelurosaurs.” Unfortunately the lower extremity is not preserved, but the 
several jugals recovered indicate that the junction of the jugal and lachrymal was 
very weak and quite unlike that of most other theropods. Velociraptor (AMNH 
6515), however, appears to have a similarly reduced preorbital bar. The upper 
part of the lachrymal shaft is pierced by a narrow lachrymal duct passing from 
the orbital cavity to the antorbital fenestra. 

The upper portion of the lachrymal is triangular in dorsal aspect, with a 
prominent rugose boss projecting laterally at the dorsoanterior margin of the 
orbit. This rugose sculpturing extends down the shaft and across the upper part 
of the lateral surface, but is most strongly developed on the orbital rim. The dorsal 
surface is narrow (17 mm) and nearly flat and is oriented perpendicular to the 
ventral shaft. 

The anterior half of the upper edge of the internal surface bears a distinct 
groove that probably represents the articulation with the nasal, but there is no 
recognizable scar for contact with either the prefrontal or frontal. As with the 
nasal the remarkable feature of the lachrymal is its restricted transverse dimen- 
sion, which indicates that the skull was either extremely narrow at this point, or 
the frontals and posterior extremities of the nasals were unusually broad. In the 
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absence of a skull table and contacts between the nasal, maxilla and lachrymal, it 
is not possible to reconstruct the exact form of the snout, but the nasals and lach- 
rymals indicate that the preorbital portion of the skull was probably distinctly 
triangular in section, narrow above and broad below. 


POSTORBITAL 


This element is represented by two nearly complete bones, a left from skull 
YPM 5232 and a right from skull YPM 5210, (Fig. 8), plus a fragmentary right 
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FIG. 8. Right postorbital of Deinonychus antirrhopus, YPM 5210, in medial (A) and lateral (B) 
views. Abbreviations: ame—area of origin of the external mandibular adductors; fr—frontal 
suture; ju—jugal process; sq—squamosal process. 


postorbital (YPM 5232). This small sample shows some variation, chiefly in the 
degree of robustness, probably a reflection of age differences. The postorbital is 
triradiate, with a thin posterior process extending to the squamosal and forming 
the dorsal limit of the lateral temporal fenestra, a somewhat stouter ventral proc- 
ess which meets the ascending process of the jugal and a massive and externally 
rugose, dorsal process that bends medially as a thick, vertical lamina to meet the 
frontal. The latter contact is in the form of an extensive digitate suture, whereas 
the posterior process fits into a tapered groove on the external surface of the squa- 
mosal and the ventral process is joined by a shallow overlapping contact of the 
jugal dorsal process. Like the lachrymal, the dorsal portion of the postorbital is 
marked by moderate rugosities or sculpturing. The remaining external surface 
is quite smooth and flat, but the internal surface bears a prominent and sharply 
defined vertical ridge which descends from the broad frontal suture down the 
inner surface of the jugal process toward the contact with that bone. In part, this 
feature contributed to the posterior wall of the orbit, separating that cavity from 
the temporal fossa behind. It also probably marks the lateral limits of the area of 
origin of part of the M. adductor mandibulae externus (Luther, 1914; Lakjer, 
1926). 
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SQUAMOSAL 


Three squamosals are known: two from skull YPM 5210 and a fragmentary 
right squamosal from YPM 5232 (Fig. 9). This is a complexly shaped bone which 
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Fic. 9. Right squamosal (reversed) of Deinonychus antirrhopus, YPM 5210, in posterior (A), lat- 
eral (B) and anterior (C) views. Abbreviations: pa—articular surface for the parietal; po—artic- 
ulation with postorbital; poc—articulation with paroccipital process; qu—articular contact with 
quadrate; quc—cotylus for quadrate. 


cannot be described in a few words. It bears no less than five tapered processes by 
which it meets the postorbital, quadrate, parietal and the paroccipital process. 
The main portion is a strongly curved sheet of bone, convex dorsolaterally and 
strongly concave medially. ‘The concave surface delimits the upper posterolateral 
margins of the temporal muscle chamber. Externally, a posterior, ventrolaterally 
directed process extends outward, away from a pronounced ventral concavity—the 
articular cotylus for the dorsal head of the quadrate. Anterior to this is a large, 
tapered, blade-like process that extends ventrally with a shallow groove facing 
posteriorly for contact with the upper part of the quadrate shaft. This process 
forms the upper posterior limit of the lateral fenestra and in part defines the lat- 
eral limits of the mandibular muscle chamber. A two-pronged anterior process, 
marked by a deep lateral groove, provides a tongue-and-groove union of the 
squamosal and postorbital and forms a stout upper temporal arch. Dorsal and 
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medial to the quadrate cotylus the fifth process extends medially and forward to 
contact the parietal. 

Without the adjacent bones, it is impossible to record the exact size and shape 
of the temporal fenestrae. However, the shape of the squamosal indicates a supe- 
rior temporal fenestra of at least moderate size. The lateral fenestra was quite deep 
dorsoventrally and may have been slightly restricted from behind at about mid- 
height, as it is in nearly all “carnosaur” skulls. Without knowledge of the quad- 
rate, however, the precise shape is in doubt. 


JUGAL 


Both jugals are known from skull YPM 5232 and the left jugal, complete and 
uncrushed, was recovered from skull YPM 5210 (Fg. 10). The jugal is a thin plate 


Fic. 10. Right jugal of Deinonychus antirrhopus, YPM 5210, in lateral (A) and medial (B) views. 
Abbreviations: ect—articular scars of ectopterygoid; la and la?—lachrymal contact with jugal; 
ma—articular area of maxilla; po—articulation area of post-orbital; qj—articulation area of 
quadratojugal. 
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of bone almost triradiate in shape. Anteriorly a thin but deep process meets the 
posterior ramus of the maxilla in a weak overlapping contact. Posteriorly, a thin, 
tapered, two-pronged process contacted the quadratojugal in what appears to 
have been a weak tongue-and-groove articulation. Dorsally, a somewhat more ro- 
bust, grooved process met the postorbital. The latter separated the orbit and lat- 
eral temporal fenestra. The posterior process marks the ventral limit of the lateral 
fenestra. The sweeping curve of the upper margin of the jugal indicates an orbit 
of large, if not unusual, size. 

The external surface is smooth and gently undulated, and, with the exception 
of articular surfaces for the adjacent elements mentioned above, is unmarked. 
The internal surface is similar except for a large and irregular depression at the 
base of the ascending (postorbital) process. This depression, which is the most 
prominent scar on this element, marks the articulation area of the ectopterygoid. 

The most remarkable feature of the jugal is the lack of any recognizable con- 
tact with the lachrymal. There are clear scars for internal and external overlap- 
ping of the anterior and posterior process by the maxilla and quadratojugal re- 
spectively, but there is only the faintest suggestion of contact with a preorbital bar 
just behind the junction with the maxilla. 


QUADRATOJUGAL 


This element is represented by two complete bones of skull YPM 5210 and an 
incomplete right quadratojugal from skull YPM 5232. The quadratojugal is a T- 
shaped bone, with the cross-bar oriented almost vertically (Fig. 11). The latter is 
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Fic. 11. Right quadratojugal (reversed) of Deinonychus antirrhopus, YPM 5210, in medial (A) 
and lateral (B) views. Abbreviations: ju—articular surface for jugal; qu—articular surface for 
quadrate. 


the most robust portion, forming a thick, broad blade that apparently overlapped 
the lower part of the quadrate shaft superficially. Extending forward from this is a 
delicate process that expands ventrally near its anterior limit to fit into the groove 
or slit of the two-pronged posterior jugal process. This clasping junction of the 
jugal and quadratojugal does not appear to be a particularly solid union, nor does 
the overlapping contact with the quadrate, but it seems unlikely that there was 
any significant degree of quadrate mobility. 
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PTERYGOID 


Considering the delicate nature of the palatal bones it is remarkable that any 
part of the palate of Deinonychus can be reconstructed at all. Between the two 
skulls, the pterygoids, ectopterygoids, palatines and vomers are known and only 
the anterior part of the palate remains in some doubt. The pterygoid is repre- 
sented by a nearly complete left and a fragmentary right pterygoid from skull 
YPM 5210. Two additional incomplete pterygoids were recovered from the Yale 
quarry. These probably belong to the other skull (YPM 5232), but because they 
were widely separated and situated at some distance from other skull elements 
they have been catalogued separately (YPM 5233 and 5239). 
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Fic. 12. Left pterygoid of Deinonychus antirrhopus, YPM 5210, in medial (A), lateral (B) and 
dorsal (C) views. Abbreviations: bpt—basipterygoid notch; ect?—probable region of contact with 
the ectopterygoid; pal?—probable region of contact with the palatine; qu—squamose contact 
with quadrate; qur—quadrate ramus; vo—vomer process. 
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The pterygoid is very thin and long, probably exceeding half of the basal skull 
length (Fig. 12). A well-developed articular surface for the basipterygoid process 
of the basisphenoid exists in the form of a dorsoposteriorly facing concavity. Ex- 
tending caudally and outward from this is a very thin but high vertical flange, the 
quadrate ramus. This flange thins markedly posteriorly and none of the specimens 
include any part of the “paper thin” posterior margin. Two of them (YPM 5210 
and 5233), however, preserve distinct impressions of the anterior limits of the 
squamose contact with the pterygoid wing of the quadrate on the lateral surface, 
indicating that this ramus of the quadrate extended forward almost to the level of 
the basipterygoid articulation. Such extensive overlap of the quadrate and ptery- 
goid suggests that there was little if any streptostyly. 

The palatine ramus extends forward as a nearly straight, oval rod, apparently 
separated from its counterpart by a narrow interpterygoid fissure. Immediately 
anterior to the basipterygoid process a thin sheet of bone curves down and out 
from the main shaft. ‘This diminishes anteriorly to a point approximately 70 mm 
anterior to the basipterygoid articulation where the pterygoid consists of a simple 
shaft about 7 by 4 mm. Further forward the palatine process expands to a vertical 
sheet of bone of unknown height (more than 15 mm high by 2.5 mm in maximum 
thickness). The anterior extremity is not known. None of the articulations with 
other palatal elements are preserved, although two of the pterygoids are nearly 
complete, and the vomers were in contact with one of these. Presumably, the ecto- 
pterygoid met the pterygoid in a squamose, overlapping articulation with the 
down-curving sheet of bone immediately anterior to the basipterygoid articula- 
tion. The palatine may have made contact in this region also. 

The quadrate ramus is comparable to that known in Allosaurus and Tyranno- 
saurus, but the narrow form of the anterior or palatine process is quite different 
from that of Allosaurus or Tyrannosaurus. 


ECTOPTERYGOID 


This element is represented by a single bone from each of the two skulls. Trira- 
diate in shape (Fig. 13), it bears a stout, lateral process which curves posteriorly 


Fic. 13. Right ectopterygoid (reversed) of Deinonychus antirrhopus, YPM 5210, in ventral (A) 
and dorsal (B) views. Abbreviations: fl—“pterygoid” flange; ju—articulation with the jugal; mpt 
—possible origin area of the M. pterygoideus; pt—pterygoid ramus. 
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to contact the inner surface of the jugal in a broad overlapping union. A more ro- 
bust, hook-shaped process extends back and down, forming the usual ventral, ec- 
topterygoid (pterygoid) flange. On the underside of this ventral flange, facing 
medially and slightly forward is a deep and pronounced pocket or concavity of 
unknown function. This feature might be described as a “‘carnosaurian”’ character, 
for it is present in Allosawrus and Tyrannosaurus and apparently also in Gorgo- 
saurus, but is absent in Coelophysis and perhaps in Ornitholestes. Extending me- 
dially from the bases of these two hook-shaped processes is a broad, thin lamina— 
the pterygoid process—which presumably joined the ventral extension of the 
palatine process of the pterygoid. A small oval pit, marking the dorsal surface of 
this process at its junction with the jugal process, may be related to the origin of 
the M. pterygoideus dorsalis. ‘The ectopterygoid seems to have been a robust brace 
between the marginal elements of the skull and the medial elements of the palate, 
separating the palatine fenestra anteriorly from the subtemporal fossa behind. 


PALATINE 


The palatines are known from a nearly complete right palatine (Fig. 14) from 
skull YPM 5210 and an incomplete left element from the second skull (YPM 


Fic. 14. Right palatine of Deinonychus antirrhopus, YPM 5210, in ventral (A) and dorsal (B) 
views. Abbreviations: in—internal naris; ma—maxillary border; pf—palatine fenestra; pt—ptery- 
goid processes; spf—subsidiary palatine fenestra. 
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5232). The palatine is a large, flat, quadriradiate bone of surprising thinness that 
apparently formed most of the palate. Anteriorly it is deeply emarginated by the 
posterior margin of the large internal naris. The posterior border defines the an- 
terior limits of the large palatine fenestra. The medial parts of both preserved 
palatines are damaged and incomplete, but both possess what appear to be incom- 
plete natural margins defining an additional (subsidiary) palatine fenestra be- 
tween the palatine and the anterior process of the pterygoid (Figs. 5 and 14). 
Among theropods, I know of no similar subsidiary palatine fenestra, except in 
Ornithosuchus. Walker (1964) illustrated a narrow, fissure-like fenestra between 
the palatine and pterygoid, but this opening is defined laterally, medially and 
posteriorly by the pterygoid; the palatine contributes only to its narrow anterior 
margin. In Deinonychus, this subsidiary palatine fenestra appears to have been 
limited by the pterygoid medially and the palatine laterally. The functional sig- 
nificance of this opening is not known. 

Although a thin sheet of bone, the palatine is reinforced on its dorsal surface 
by three thick ridges or struts which radiate from the posterolateral corner junc- 
tion with the maxilla. A lateral strut extends forward along the lateral edge, re- 
inforcing the union with the maxilla. A second strut extends anteromedially re- 
inforcing the lamina of bone between the choana and the “subsidiary” palatine 
fenestra. A third strut passes posteromedially between the latter and the large 
palatine fenestra and reinforces the anterior margin of that opening. 

The palatine joined the maxilla in a long, grooved, buttressed union. Con- 
tacts with other palatal elements are not preserved, but they appear to have been 
of an overlapping, squamose kind, rather than digitate or edge-to-edge contacts. 


VOMER 


The vomers are incompletely known in both of the above skulls. In skull YPM 
5210, incomplete fused vomers (Fig. 15) were associated with the left pterygoid, 
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FIG. 15. Vomers of Deinonychus antirrhopus, YPM 5210, in right lateral (A) and ventral (B) 
views. Abbreviations: pmr—premaxillary ramus; ptr—pterygoid rami. 


but no articular contacts are preserved. The vomers are preserved in near normal 
position in YPM 5232. The vomers appear to have been vertical plates of bone, 
some 15 mm or more in height, situated in or close to the mid-line and extending 
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between the anterior extremities of the pterygoids and the premaxillae (Fig. 5). 
In all probability they separated the internal nares, but this cannot be demon- 
strated with the material presently available. The paired condition of the vomers 
is evident posteriorly, but anteriorly the two vertical lamina unite with only nar- 
row dorsal and ventral grooves marking the mid-line and the paired construction. 
The anterior extremities are not preserved, but anteriorly the vomers seem to ex- 
pand laterally into a mid-line element of moderate width and shallow depth, 
slightly concave ventrally. Whether this expansion had the diamond shape char- 
acteristic of Ornithosuchus and Tyrannosaurus is not known. 


MANDIBLE 


The lower jaws are known from disarticulated elements of two individuals (YPM 
5210 and 5232). Mandibular elements represented are the dentary, splenial, sur- 
angular, angular, prearticular and articular. No coronoid is known, but it may 
well have been present. The mandibles are surprisingly shallow for their length 
and in this respect are distinctly “coelurosaurian,” resembling Coelophysis and 
Velociraptor in particular (Figs. 4 and 16). 
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Fic. 16. Restoration of right mandible of Deinonychus antirrhopus, in internal view. Based on 
disarticulated elements so proportions and arrangements are only approximate. Dark stipple in- 
dicates known elements, light stipple unknown portions. Abbreviations: ang—angular; ar— 
articular; de—dentary; par—prearticular; sa—surangular; sp—splenial. 


DENTARY 


The dentary is long and shallow, with the inferior margin subparallel to the 
alveolar margin. The left dentary of YPM 5210 appears to have a complete row 
of 16 alveoli (although the posterior extremity is missing). The slightly smaller 
left dentary of YPM 5232 (in which the posterior dentary extremities are also 
missing) also bears 16 alveoli, with a functional tooth present in number 15 and a 
replacement tooth preserved in the last alveolus (Fig. 17). A dorsal expansion of 
the Meckelian canal extends almost to the upper dentary margin immediately be- 
hind this last alveolus, thus establishing a maximum number of 16 teeth. There 
are no interdental plates present on the dentary. 

The symphysial suture is represented in both dentaries by nearly flat, elliptical, 
mid-line surfaces marked by faint, nearly horizontal, longitudinal striations. 
These suggest a highly mobile symphysis. The medial surface is widely open be- 
hind, exposing the deep but narrow Meckelian canal, which tapers sharply anteri- 
orly although it persists as a shallow, but well-defined, open groove over most of 
the anterior half. Anteriorly, this groove terminates in a small foramina beneath 
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Fic. 17. Left dentary of Deinonychus antirrhopus, YPM 5232, in lateral (A) and medial (B) views; 
mc—Meckelian canal. 


the third or fourth alveolus. Immediately anterior to this is a slightly larger elon- 
gate foramina which may communicate with an anterior extension of the 
Meckelian canal. 

The lateral dentary surface is unsculptured, although slightly irregular in tex- 
ture. Like the maxilla, it is marked by numerous foramina which are arranged in 
more or less distinct rows. The most obvious is an upper row of well-defined, cir- 
cular foramina closely spaced anteriorly, but becoming progressively more widely 
spaced posteriorly. Below this upper row, are less distinct rows of more irregu- 
larly spaced foramina, including a final row just above the ventral margin of the 
dentary. The anteriorly situated foramina generally extend inward and backward, 
whereas the posterior foramina pass inward and forward. The function of these 
foramina is not known, but vascular and nerve passage to superficial tissues seems 
probable. 


SPLENIAL 


Three splenials are among the mandibular elements recovered from the Yale 
site, a left (YPM 5210) and two rights for which quarry data were lost. It is pre- 
sumed that they belong to the two skulls known from that quarry, but in the ab- 
sence of quarry data they have been catalogued separately (YPM 5237 and 5238). 
None of these bones are complete, but No. 5237 (Fig. 18) is nearly so. The splenial 
is a thin and long, wedge-shaped bone with a rather stout, rounded ventral mar- 
gin, Anteriorly, a thin, probably triangular, lateral lamina overlapped the inner 
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Fic. 18. Left splenial of Deinonychus antirrhopus, YPM 5237, in lateral (A) and medial (B) 
views. The rostral extremity of the prearticular apparently lay external to the upper (internal) 
flange. Abbreviations: ang—angular; de—dentary contact; par—areas of contact with the pre- 
articular. 


surface of the dentary. This lamina increases in height posteriorly to about mid- 
length, where it ends in a dorsoposteriorly directed flange which is separated by a 
long V-shaped notch (infra-Meckelian fossa) from the ventroposterior or angular 
process. The latter is a stout, slightly curved, tapering process that extends back 
beneath the anterior extremity of the angular. The upper surface is a shallow 
groove which narrows and deepens anteriorly, passing between the lateral and 
medial lamina. The medial lamina of the splenial is less than half the height of 
the lateral lamina, its upper margin slopes forward to form a thin anterior proc- 
ess separated from the lateral lamina by a narrow, elongate notch. No sutural 
scars are recognizable and contacts with the dentary, angular and prearticular 
probably were rather loose. 


ANGULAR 


Two angulars are known, one from each of the skulls from the Yale site. Nei- 
ther is complete and little can be said about precise relationships to adjacent jaw 
elements. Anteriorly, the angular consists of a stout, slightly curved process, tri- 
angular in section, which presumably met the dentary anteriorly and the splenial 
and prearticular dorsomedially. Caudally, it expands into a strongly curved and 
very thin sheet of bone which overlapped the ventrolateral portion of the surangu- 
lar. The dorsal margin is well preserved in both specimens and clearly shows the 
inferior limits of a very large external mandibular fossa (Fig. 19). Although the 
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Fic. 19. Right angular (reversed) of Deinonychus antirrhopus, YPM 5210, in lateral (A) and 
medial (B) views. Abbreviations: de—articular contact for dentary; emf—external mandibular 
fossa; par—suture with prearticular; sa—surangular process. 


anterior part of the surangular is missing and thus the actual size and shape of this 
fossa cannot be determined, it is quite evident that it was relatively much larger 
than in most other theropods. Only Ornithosuchus, which Walker (1964) consid- 
ered a primitive carnosaur, may have possessed a larger external mandibular fossa. 


SURANGULAR 


A single incomplete surangular is known from the Yale site, but because it was 
found isolated from all the other cranial elements, it could not be positively asso- 
ciated with either of the known skulls. Hence it has been catalogued separately 
(YPM 5234; Fig. 20). This is a flat bone which formed a large part of the external 
surface of the posterior third of the lower jaw. It overlaps the inferior lateral sur- 
face of the articular posteriorly and anteriorly must have joined the dentary in a 
squamose articulation. It probably formed the entire upper external margin of 
the mandible behind the tooth row. The stout upper border is reinforced by a 
medially projecting ridge that probably extended the entire surangular length 
and formed the upper margin of the dorsomedially facing adductor fossa (Mecke- 
lian fossa of some writers). A prominent triangular process rises from the dorsal 
margin opposite the position of the glenoid. This corresponds to and lies against 
a dorsolateral projection of the articular. In front of this is a broad but shallow 
depression that extends medially and appears to be an anterolateral extension of 
the articular facet of the glenoid. The caudal extremity is not preserved, but its 
outline is preserved on the lateroinferior surface of the articular as a triangular 
flange that overlaps the articular. The anterior portion of the surangular also is 
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FIG. 20. Right surangular (reversed) of Deinonychus antirrhopus, YPM 5234, in lateral (A) and 
medial (B) views. Abbreviations: ang—articular contact with angular; ar—surface of articulation 
with articular; gl—external margin of glenoid. (Broken surface indicated by heavy inclined lines.) 


not preserved, but there can be little doubt that it formed the upper limits of the 
external mandibular fossa. The external surface is unsculptured, but is marked by 
a large shallow depression at the center of which is a small oval surangular fora- 
men approximately 2.5 cm anterior to the position of the glenoid. This foramen is 
minute compared with that of Tyrannosaurus or Gorgosaurus, but neither Allo- 
saurus or Ceratosaurus have this foramen. The inner surangular surface is marked 
by a stout, wedge-shaped process that buttressed the prearticular just anterior to 
its union with the articular. This buttress also formed the posterior wall of the 
adductor fossa. Although, incomplete, the present element appears most similar 
to that of Velociraptor, which also appears to have a small surangular foramen 
at almost the same position. 


PREARTICULAR 


A nearly complete right (Fig. 21) and a partial left prearticular are known 
from skull YPM 5210. This is a curved bone, with a nearly vertical, thin blade 
extending anteriorly and a rounded, grooved shaft reaching posteriorly. The an- 
terior blade presumably underlapped the medial (dorsal) lamina of the splenial 
and extended to the posterior extremity of the dentary medial wall. Posteriorly, 
it butted against the anterior part of the articular. The lateral surfaces of the 
posterior shaft are rugose and striated, evidence of strong sutural union with the 
surangular and angular. The posterior shaft is further marked by a pronounced 
longitudinal groove, which divided the surangular contact into a short upper and 
a longer lower articulation. The lower surfaces extend about 15 mm in front of 
the upper, where they taper into a sharp crested ventral ridge. At this point, the 
narrow ventral surface is marked by two distinct grooves, a broad, shallow lateral 
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FIG. 21. Right prearticular (reversed) of Deinonychus antirrhopus, YPM 5210, in lateral (A) and 
medial (B) views. Abbreviations: ang—suture for angular; ar—articulation with articular; sa— 
articulation with surangular; sp—area of contact with splenial. 


groove and a very narrow medial one. The lateral groove gradually fades out 
anteriorly, but the medial groove expands and persists nearly to the anterior 
extremity of the inferior margin. These features correspond to the posterior part 
of the ventro-medial margin of the angular (described above) and are interpreted 
as the sutural surfaces that joined these two bones. The dorsal margin of the 
prearticular forms a broad sweeping curve, which defines the lower margin of 
the adductor fossa. 

In general form, the prearticular appears to most closely resemble that of 
Velociraptor. It is relatively longer and higher (anteriorly) and much more deli- 
cate than that of Allosaurus. 


ARTICULAR 


The articular is a massive, triangular element (Fig. 22) with a short but broad 
retroarticular process bearing a robust, ventro-medially directed, hook-like ex- 
tremity and a longitudinally oriented, rectangular, blade-like flange projecting 
dorsally. The former might be the insertion site of the M. depressor mandibulae, 
but I suspect it is also related to the pterygoideous musculature. The ascending 
flange, which is situated directly behind (7 mm) the glenoid and is oriented per- 
pendicular to the long axis of the glenoid, is the other most probable point of at- 
tachment for the depressor muscles. 

Colbert and Russell (1969) described a very similar, but much more prominent, 
dorsally directed process in almost the same position on the retroarticular process 
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Fic. 22. Right articular (reversed) of Deinonychus antirrhopus, YPM 5232, in medial (A), lateral 
(B) and dorsal (C) views. Abbreviations: dm—area of insertion of M. depressor mandibulae; gl— 
glenoid; par—area of contact with prearticular; ptd—probable insertion site of M. pterygoideus 
dorsalis; ptv—probable insertion area of M. pterygoideus ventralis; sa—area overlain by the 
surangular. 


of Dromaeosaurus. Following Bock’s (1960) analysis of similar processes in certain 
birds, Colbert and Russell suggested that this process may have developed initially 
as a specialized area of insertion of the pterygoideus and depressor mandibulae 
muscles. They added that the extreme development of this feature in Dromaeosau- 
rus may have resulted in contact with the posterior face of the quadrate when the 
mandible was depressed and thus it may have served as a bony stop to prevent 
excessive opening of the jaws. Their explanation is feasible for the very long artic- 
ular process of Dromaeosaurus, but it does not seem feasible for the much shorter 
process of Deinonychus. A possible analogous structure is preserved in Allosaurus 
fragilis (Antrodemus valens of Gilmore, 1920), USNM 4734, but with this possible 
exception I do not recall a comparable feature in other theropod specimens. 

The articular is defined by five surfaces: 1) the conspicuous, transverse de- 
pression of the glenoid, 2) a shallow, concave, superior lateral surface, 3) a 
nearly flat, inferior lateral surface (surangular contact), 4) a rectangular me- 
dial surface, and 5) a triangular, rugose anterior surface (prearticular contact). 
The glenoid is a broad and deeply concave trough forming the anterior half 
of the dorsal surface. It is longest in a transverse direction and nearly triangular 
in outline, the truncated apex at the rear and the longest margin forming the 
anterior border. Medially, the glenoid is open, but laterally it is bordered by 
a distinct groove trending forward and outward, which in turn is bounded by 
a prominent, triangular, vertical flange with the same orientation. The anterior 
glenoid border is broadly convex longitudinally and gently concave transversely. 
The posterior wall of the glenoid rises as a forward-facing buttress. ‘The orienta- 
tion of this latter surface, rising as it does to a nearly vertical transverse surface, 
restricts any mandible protraction and in fact appears to have provided a 
massive stop obstructing mandibular protraction. It furthermore suggests that 
the lower part of the quadrate (which is not known) sloped down and backward, 
as in Ornithosuchus and other adequately known “coelurosaurs,” rather than 
oriented vertically or sloping forward. 

The concave, nearly semicircular, superior lateral surface and the flat, in- 
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ferior lateral surface are separated by a sharp longitudinal crest that extends 
from the anterolateral corner of the glenoid back to the curved retroarticular 
extremity, from which point it sweeps upward along the rear edge of the 
ascending retroarticular flange. The inferior lateral surface is overlain in its 
entirety by the posterior part of the surangular. In addition to the above crest, 
it is defined rather sharply by a ventral longitudinal ridge that separates this 
surface from the medial surface. The medial surface is smooth and slightly 
concave caudally where it passes to the inturned retroarticular extremity. There 
is no clear indication of muscle attachment on this surface, but portions of the 
pterygoideus may have inserted here. The triangular anterior surface lies 
directly in front and beneath the glenoid. It is rugose and irregular in surface 
texture, indicating a solid junction with the prearticular and other adjacent 
elements of the mandible. 


DENTITION 


The available cranial material shows 19 teeth in the upper tooth row (4 
premaxillary and 15 maxillary teeth) and 16 in the lower tooth row. Teeth 
in both the maxilla and dentary are sub-isodont, except at the back of the 
series. The right dentary of YPM 5232 contains four fully erupted teeth in 
the last five positions (the penultimate alveolus contains a broken replacement 
tooth), showing a progressive reduction in tooth size in this segment of the 
tooth row. A similar backward reduction in tooth size at the rear of the tooth 
row is indicated for the maxilla by the alveolar dimensions. No functional 
teeth are preserved in the only well preserved premaxilla (YPM 5232), but the 
alveoli are subequal in size. Isodonty of the premaxillary teeth is substantiated 
by four isolated premaxillary teeth associated with the disarticulated elements 
of skull YPM 5210, all of which are about the same height. 

Maxillary and dentary teeth are all quite similar in form, being laterally 
compressed, sharply tapered, and recurved, and with serrated anterior and 
posterior edges (Fig. 23: Al, A2, A3 and A4). Tooth roots are quite long, 
perhaps twice as long as the enameled crown, parallel-sided and contain long, 
open pulp cavities. Maximum transverse and longitudinal dimensions of a given 
tooth occur at the upper fifth of the root, just below the limits of enamel. Below 
this level the root is constricted by lateral and medial grooves that extend to the 
root end and result in a figure-8 cross section for the root. The root appears to 
have been a straight shaft in both lateral and longitudinal aspects. The enameled 
crown curves sharply backward from the root axis and leans slightly inward. 
Those teeth that seem to be preserved in natural position are all directed back- 
ward, so the apex of each tooth lies well behind the rear margin of that alveolus. 
‘This appears to have been true for all maxillary and dentary teeth and it seems 
to have been more pronounced in Deinonychus than in other theropods. Compare, 
for example, Figure 4 and 6 with Coelophysis, Ornitholestes, Allosaurus or Gorgo- 
saurus, where tooth apices rarely occur behind the base of the tooth. 

The crowns of both maxillary and dentary teeth are slightly asymmetrical. 
A plane passing through the anterior and posterior serrations divides the tooth 
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into unequal halves, a thin, slightly convex outer half and a somewhat thicker, 
more convex inner half (Fig. 23: A2). The lateral surfaces consistently are 
more convex anteriorly than posteriorly, whereas the inner crown surfaces 
seem to have about the same degree of curvature or convexity from front to 
back. Thus, a tooth appears more blade-like in external aspect and more bulbous 
or tusk-like in internal view. This asymmetry seems to decrease slightly toward 
the back of the tooth row. Gilmore (1920: p. 30) noted a similar condition in 
Allosaurus. 

Tooth serrations extend over the entire height of the posterior margin, but 
vary along the leading edge from about 90 percent of tooth height to about half 
that. The distribution of this variant along the tooth rows is not clear, but in 
the specimens presently available there seems to be little variation in the length 
of the anterior serrated edge within the dentary series. The only available maxilla, 
however, indicates that the serrated leading edge is relatively shorter on posterior 
teeth than on anterior teeth. 

A much more distinctive feature of the dentition is the size contrast between 
the anterior and posterior serrations (Fig. 25). The posterior serrations are 
approximately twice as large as the anterior serrations. There is some variation 
in the number of serrations per linear unit from apex to crown base, but 
near mid-length of the posterior edge there are 16 to 18 denticles per 5 mm, 
with 17 being the most frequent count. The anterior edge is much more finely 
serrated with 30 to 31 denticles per 5 mm. These counts compare with those 
in other theropods as shown in Table 2. 

It is evident that in most theropod taxa anterior and posterior denticles are 
subequal in size, whereas in Deinonychus and Velociraptor (and perhaps Saurorni- 
thoides) those in front are much smaller than those of the posterior tooth edge. 
Saurornithoides, which for reasons discussed later is believed to be rather closely 
related to Deinonychus, may possess the same character, but preservation of the 
teeth is so poor that the condition cannot be determined. Saurornithoides is 
peculiar in that the denticles of the posterior serrations are as large as those of 
some much larger theropods (10 to 12 per 5 mm) but the teeth are one fifth to 
one tenth as large. 

The functional significance of the disparity of anterior versus posterior serra- 
tion sizes is not clear, but its rarity among theropods suggests it may be of phy- 
letic as well as taxonomic significance. 

The premaxillary teeth are quite different from the others in that they 
are distinctly more asymmetrical (Fig. 23B and 24C and D). They are not 
incisiform, as in Gorgosaurus (Lambe, 1917: p. 17), but resemble those of 
Allosaurus. Progressing from the last (Fig. 23B) to the first (Fig. 24C and D) 
premaxillary tooth, the anterior serration occupies a progressively more medial 
position on the tooth and the external surface becomes increasingly more convex 
and the inner surface less so. The latter is not flat or concave in any of the 
preserved premaxillary teeth, although there is a slight concave channel im- 
mediately medial to the anterior serrations. The discrepancy in size of an- 
terior and posterior serrations persists on all premaxillary teeth and the two 
edges are subequal in length, both extending from apex to base of the enamel. 
There appears to be little variation in size among the four premaxillary teeth, 
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in contrast to the distinct gradation recorded by Gilmore (1920: p. 30) in 
Allosaurus. ‘There are no distinct wear facets on these or any of the other teeth, 
but several do show a greater degree of wear of the apex than is characteristic 
of most of the maxillary or dentary teeth. 
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mm 


FIGs. 23-24. Tooth types in Deinonychus antirrhopus, YPM 5210. A) maxillary or dentary tooth; 
B) posterior premaxillary tooth; C) intermediate premaxillary tooth; D) anterior (symphysial) 
premaxillary tooth. Views are medial (1), crown (2), posterior (3) and anterior (4). Notice the 
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Walker (1964) recorded some interesting observations on the orientation of 
tooth serrations in Ornithosuchus, noting that teeth in the premaxilla and 
anterior part of the maxilla possessed anterior and posterior serrations that 
were perpendicular to the respective tooth margins. In posterior maxillary 
teeth, however, the serrations are inclined obliquely toward the apex. Dentary 
teeth appear to have serrations more or less perpendicular to the tooth margin 
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medial shift of the anterior serrations in anterior premaxillary teeth. Also notice the discrepancy 
in size of anterior vs. posterior serrations (cf. Fig. 25). 
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FIG. 25. Medial views, enlarged 10 times, of posterior serrations (A) and anterior serrations (B) 
in a single maxillary tooth (Fig. 23A) of Deinonychus antirrhopus, (YPM 5210), showing size dif- 
ferences between posterior and anterior denticles. 


in the proximal half of the tooth, but in the apical half they are oblique to the 
margin. I have not checked this condition extensively in other theropods, but 
I have observed similar obliquity in teeth of Allosaurus, Tyrannosaurus and 
Coelophysis. How consistent or variable this condition is I do not know. The 
Deinonychus material suggests obliquity of tooth serrations may be an in- 
dividual variable, or an ontogenetic variable. Every tooth in YPM 5232 (a total 
of 33, 14 of which are isolated teeth) shows some degree of inclination of the 
posterior serrations with respect to the rear tooth margin. The degree of in- 
clination is difficult to measure precisely but appears to approximate 20° from 
the perpendicular. The orientation of the much smaller anterior serrations 
could not be determined with any precision. In YPM 5210, a total of 39 isolated 
teeth were closely associated with the skull elements. Of these, 25 show no 
obliquity at all, the serrations being perpendicular to the tooth margin. The 
other 14 show slight but distinct deviation from the perpendicular. YPM 5210 
is slightly larger than YPM 5232, so there is a distinct possibility that obliquity 
may have declined with age. 


TABLE 2. Dental serration counts in some theropods 


Posterior serrations Anterior serrations 
per 5 mm per 5 mm 

Allosaurus 10-12 10-12 
Ceratosaurus 10 10 
Gorgosaurus 9-12 12-13 
Tyrannosaurus 6.5-8 8-9 
Coelophysis 34 36 
Ornitholestes 45 0 
Dromaeosaurus 16 1555 
Velociraptor 25-26 38-40 
Saurornithoides 10-12 ? 


Deinonychus 16-18 30-31 
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AXIAL SKELETON 


VERTEBRAL COLUMN 


The vertebral count is unknown for Deinonychus, but a close approximation 
can be made from the combined evidence preserved in the Yale and American 
Museum collections. The most complete vertebral series available is that of 
AMNH 3015, which includes a total of 21 presacral and 23 caudal vertebrae. 
Eight segments are represented from the cervical region, including an incom- 
plete atlas intercentrum and a fragment of the axis. The cervical series apparently 
is not complete, but the poor state of preservation makes it impossible to de- 
termine how many segments are missing. Comparison with the extraordinarily 
well-preserved cervicals of the Yale specimens (YPM 5204 and 5210) suggests 
that the third cervical is missing in the American Museum specimen, but this 
cannot be certified and there may be more than one vertebra missing. 

The remaining 13 presacrals of AMNH 3015, although incomplete and 
crushed, seem to form a continuous series. The most anterior element com- 
pares well with a ‘“‘cervico-dorsal’”’ vertebra of YPM 5210 and is judged to be the 
first or second dorsal. The last segment preserved in the series, although incom- 
plete, is unmistakably a posterior dorsal, but it may not be the last presacral. 
It is assumed that the presacral count was 23, the usual number in theropods, and 
thus one dorsal vertebra, either the first or the last, is missing. 

There are no sacral vertebrae preserved in AMNH 3015, but scars marking 
the sites of sacral rib attachments are preserved on the left ilium. Three large 
scars and one small anterior scar show that at least three and probably four 
sacral vertebrae were present. The distinctly smaller size of the anterior-most 
scar can be interpreted as the articulation of the transverse process of the last 
presacral, but without more complete material the matter must remain in doubt. 

A nearly continuous series of 23 caudal vertebrae are preserved in AMNH 
3015, but no positive evidence exists to establish whether the first element of 
this series represents the first postsacral vertebra or not. The ventral margin of 
the anterior face of this centrum angles back away from the vertical to form a 
broad, slightly rounded surface directed anteroventrally. If this represents an 
articular facet for a chevron, then there must have been at least one caudal 
segment in front of this vertebra. Comparison of the caudal series of AMNH 
3015 with the three caudal series in the Yale collection (YPM 5201, 5202 and 
5203) indicates at least 11 distal segments are missing from the former. YPM 
5203 includes what appears to be the penultimate segment. Thus the caudal 
count was at least 36 and probably not higher than 40. 


CERVICAL VERTEBRAE 


The cervical vertebrae are all slightly platycoelous and bear robust, widely 
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divergent zygapophyses and long, stout neural spines. ‘The zygapophyseal facets 
are relatively very large and not planar, but display a distinct warp or fold 
near the medial margin. None of the centra are keeled and all are proportion- 
ately quite short (less than twice the centrum height). The third through 
seventh, at least, are strongly angled, with the anterior face of the centrum 
occurring well above the level of the posterior face. All centra are marked by 
elongate and deep lateral pleurocoels. 


FIG. 26. Atlas of Deinonychus antirrhopus, YPM 5210. A) neural arch in anterior (1), posterior 
(2), and dorsal (3) views. B) intercentrum in anterior (1), posterior (2), and dorsal (3) views. 
C) outline diagrams of neural arch and intercentrum in articulation; views as in A and B. Ab- 
breviations: ax—facet for contact with axis intercentrum; oc—facet for contact with the occipital 
condyle; od—concavity for odontoid process. 


Atlas 


The atlas (Figs. 26 and 27) is represented by an intercentrum and right 
half of the neural arch (YPM 5210), the left half of the neural arch from a 
much smaller individual (YPM 5204), and the odontoid (YPM 5204 and AMNH 
3015). A fragmentary atlas intercentrum is also preserved in AMNH 3015 where 
it seems to be co-ossified with the axis intercentrum. The intercentrum is 
crescent-shaped, when viewed axially, and is largest in the transverse dimen- 
sion (maximum width = 26 mm; maximum height = 20 mm). The dorsal 
margin is deeply notched for reception of the odontoid process. The ventral 
surface is only slightly convex transversely. The anterior surface is moderately 
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FIG. 27. Deinonychus antirrhopus, YPM 5210. Atlas neural arch (A) in left lateral (1) and medial 
(2) views, and atlas intercentrum (B) in left lateral (1) view. C) outline diagram of neural arch 
and intercentrum in articulation in lateral (1) and medial (2) views. (Neural arch drawn reversed 
from a right half.) Abbreviations: ic—articular facet for atlas intercentrum; na—facet for atlas 
neural arch; oc—facet for occipital condyle; po—postzygapophyseal facet. 


concave for contact with the occipital condyle and faces sharply upward and 
forward (Gilmore [1920: p. 31] noted this same condition in Allosawrus). The 
condylar articular facet is well-defined, but the limits of the atlanto-occipital 
articular capsule are not clearly preserved. The posterior surface is slightly con- 
vex both transversely and vertically. The right margin of this facet is sharply 
defined by a lip-like margin that must represent the limits of the atlanto-axial 
capsule and the attachment of the capsular ligament. 

The ventral surface is marked by paired, laterally placed tubercles, which 
are most prominent posteriorly. These are separated by a slight, median de- 
pression immediately anterior to the margin of the articular facet for the axis. 
Because these tubercles are situated well outside the margins of both articular 
capsules (atlanto-occipital and atlanto-axial), they cannot represent attachment 
sites of either the ventral or the anterior oblique atlanto-occipital ligaments. 
Also, there are no similar features preserved on the ventral surfaces of either 
the axis intercentrum or centrum. Accordingly these are considered the probable 
origin sites of M. rectus capitis anterior, the principal flexor of the atlanto- 
occipital joint. They might be parapophyses for articulation of atlantal ribs 
but this seems improbable in view of the much more dorsal position of the axial 
parapophyses. 

Triangular, rugose, sutural surfaces for the pedicels of the neural arch are 
well defined on either side of the dorsal depression for the odontoid process. 
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These surfaces are slightly curved and are directed dorsally and slightly for- 
ward. This intercentrum differs from that of Allosaurus in its relatively greater 
height and more deeply grooved dorsal surface (for a narrower odontoid). ‘The 
intercentrum of Ceratosaurus is low and wide like that of Allosawrus but the 
odontoid groove is deep and narrow as in Deinonychus. The inferior transverse 
outline in Ceratosaurus, however, is concave rather than convex. 

The atlas neural arch consists of paired elements which apparently neither 
co-ossified nor fused with the intercentrum. Only the right half of the neural 
arch was found associated with the intercentrum described above (YPM 5210). 
This consists of a stout pedicel, a dorso-medial lamina and a posterolaterally 
directed articular process which bears a well-defined zygapophyseal facet. The 
pedicel forms two clearly separable surfaces. The ventral surface is sub- 
triangular to oval in shape, slightly convex and appears to have been irregular 
or rugose in texture. This surface formed the sutural articulation with the 
atlas intercentrum. Separated from this by a moderate angulation is a larger, 
concave, oval-shaped surface that is directed forward and down. This surface 
is smooth and forms the upper lateral part of the articular facet for the oc- 
cipital condyle. 

Above the pedicel, a thin plate of bone extends toward the midline, form- 
ing a “roof” over the neural canal between the occiput and the axis. A stout 
postzygapophseal process extends back, out and slightly upward from the pedicel, 
with a prominent, oval articular facet facing ventromedially. 

The atlas neural arch compares closely with that illustrated for Cerato- 
saurus (Gilmore, 1920: pl. 19) except that a prominent posteromedially di- 
rected flange is developed in Deinonychus behind the zygapophyseal facet. ‘This 
feature extends over slightly more than half the length of the process posterior 
to the articular facet. Its significance is not known, but it apparently corre- 
sponds to the epipophyses that are prominently developed on succeeding cer- 
vicals. 

The atlas centrum (odontoid) is fused to the axis centrum in AMNH 3015 
and YPM 5204 (Fig. 28). Its upper surface is nearly flat transversely, but is 
slightly concave longitudinally, forming the floor of the neural canal. All other 
odontoid surfaces are strongly convex except for a prominent depression in 
the anterior extremity which probably represents the notochordal pit (al- 
though it may simply reflect contact between the occipital condyle and the 


odontoid). The odontoid is wider (15 mm) than it is high (9.5 mm) and is oval 
in longitudinal view. 


Axis 


The axis of Deinonychus is similar to that of Allosawrus (Gilmore, 1920: 
p. 33) except that it is less robust, relatively longer and bears much stouter 
and more divergent posterior zygapophyseal processes (Fig. 28). It is quite 
unlike that of Ceratosaurus, which has a long, transversely expanded neural 
spine, prominent parapophyses and a strong sagittal ventral keel. 

The axis centrum is long (33.5 mm) and narrow-waisted at mid-length, 
has a greater diameter anteriorly (23 mm) than posteriorly (16 mm) and is 
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FIG. 28. Axis of Deinonychus antirrhopus, YPM 5204, in posterior (A), left lateral (B), anterior 
(C), and dorsal (D) views. The odontoid and axis intercentrum are both co-ossified with the 
axis centrum. Abbreviations: dp—diapophysis; ep—epipophysis; in—axis intercentrum; li—at- 
tachment scar of interspinal ligament; ns—neural spine; od—odontoid; pl—pleurocoel; po— 
postzygapophysis; pp—parapophysis; pr—prezygapophysis. 


slightly opisthocoelous. The lateral surfaces are marked by small, but deep, 
oval pleurocoels. Small parapophyses are situated immediately in front of and 
slightly dorsal to the pleurocoels. A crescentic wedge-shaped intercentrum is 
fused to the anterior face of the centrum, beneath the odontoid. The inter- 
centrum height is approximately equal to its maximum length (9 mm), its 
width equals 22.5 mm. 

The prezygapophyses are small, flange-like structures lying lateral to the 
neural canal and projecting forward slightly beyond the odontoid-axis centrum 
suture. The articular facets are small (less than one third the area of the 
postzygapophyseal facets) and face upward and laterally. In sharp contrast to 
these are the posterior articular processes which are the dominant features of 
the axis. These massive processes project out and backward at approximately 
45° to the mid-line and bear relatively large articular facets (greatest diameter 
is almost equal to the maximum posterior diameter of the centrum). Whereas 
the prezygapophyseal facets are nearly flat the posterior facets have a marked 
medial flexure which divides the articular surface into two unequal areas at 
approximately 90° to each other. The largest area of the facet is directed 
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ventrally and a small medial area faces laterally. These flexed or warped 
zygapophyseal facets resemble the condition present in the dorsal vertebrae, 
but they do not form a true hyposphene-hypantrum, as in the dorsals. 

‘The postzygapophyseal processes are surmounted by prominent projections 
—epipophyses—extending behind and lateral to the articular surfaces. These 
might have been the sites of attachment of intervertebral ligaments, but their 
position far lateral to the midline indicates they probably represent the in- 
sertions of cervical abductor muscles—presumably a prat o fthe transversospin- 
alis system (either the intertransversarii dorsalis cervicis or the M. multifidus 
cervicis or the archosaurian equivalents). ‘This interpretation is not entirely 
satisfactory, however, because the surface texture of these processes clearly in- 
dicates that whatever attached to these points extended in a caudal rather 
than cranial direction. 

The axial neural spine extends nearly 30 mm above the neural canal (about 
equal to centrum length), is inclined backward about 70° from the long axis 
of the centrum, and is narrowly triangular in cross-section. Like the axis of 
Allosaurus and unlike that of Ceratosaurus, there is no longitudinal expansion 
of the neural spine into a broad wedge-shaped blade, except at the bases of the 
neural laminae (Fig. 28A). Presumably, this reflects a relatively small size for 
either the M. rectus capitis posterior or the M. obliquus capitis magnus, or 
both, but preservation does not permit any conclusion on this. 

Anteriorly, the neural spine is sharp-crested, terminating in a rugose pro- 
jection between and above the level of the prezygapophyses. A similar feature 
was noted by Gilmore (1920: p. 32-33) in Allosaurus. Presumably it was the 
point of attachment of an axial-occipital ligament. The posterior aspect of 
the neural spine is broad and is marked by a mid-line ridge which quite 
probably reflects the position of the dorsal fibers of the interspinal ligament. 
A deep, triangular, mid-line depression occurs at the base of the neural spine, 
immediately above the neural canal and between the postzygapophyses, as in 
Allosaurus but not in Ceratosaurus. Similar features are present on succeeding 
cervicals, and probably mark the position of the ventrally situated, main mass 
of the interspinous ligament, as in crocodilians. 

Axial ribs are not known, but apparently small or rudimentary ribs were 
present. A slight, rugose projection (parapophysis) is situated just anterior to 
the lateral pleurocoel and beneath the prezygapophysis. A more prominent, 
but still small, diapophysis projects laterally and downward from the lateral 
lamina of the neural arch. 


Posterior cervicals 


As explained above, the complete cervical series of Deinonychus cannot be 
reconstructed at present. At least five cervical segments posterior to the axis 
are preserved in the American Museum specimen. These are believed to repre- 
sent the fourth through eighth cervicals. Among the Yale specimens are three 
distinctly different, complete and near-perfect posterior cervical vertebrae from 
two individuals. Two of these were closely associated with an axis (YPM 5204) 
and are presumed to belong to the same individual (Fig. 29). The third 
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Fic. 29. Fourth (?) cervical vertebra of Deinonychus antirrhopus, YPM 5204, in posterior (A), 
left lateral (B), anterior (C) and dorsal (D) views. Notice the strong angling of the centrum and 
the curved zygapophyseal facets. Abbreviations: dp—diapophysis; ep—epipophysis; li—scars of 
interspinous ligament; ns—neural spine; pl—pleurocoel; po—postzygapophysis; pp—parapo- 
physis; pr—prezygapophysis. 


vertebra (Fig. 30), from a larger individual, was recovered from a different 
section of the Yale quarry approximately 15 inches (38 cm) from the atlas 
intercentrum (YPM 5210) referred to above. Neither of the first two can be 
articulated with the axis, so neither can represent the third segment. Comparison 
with the fragmentary cervicals of AMNH 3015 indicates they probably are the 
fourth and fifth cervicals. The larger vertebra (YPM 5210) is a more posterior 
cervical, probably the seventh or eighth. 

The most conspicuous character of these vertebrae is the pronounced ob- 
lique angling of the centra (Figs. 29B, 30B and 31). Unlike a conventional 
vertebra in which the anterior and posterior centrum surfaces are parallel to 
each other and perpendicular to the long axis of the centrum, these surfaces 
form angles of 75° to 40° with the long axis (the floor of the neural canal) 
and are not parallel. Table 3 gives the geometry of known Deinonychus cer- 
vicals. 

Similar angling of the post-axial cervicals occurs in both Allosaurus and Cera- 
tosaurus (Gilmore, 1920: p. 30 and pl. 20) but it is not as strongly developed 
in either. Gorgosaurus and Tyrannosaurus also exhibit very slight angling of 
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FIG. 30. Seventh (?) cervical vertebra of Deinonychus antirrhopus, YPM 5210, in posterior (A), 
left lateral (B), anterior (C) and dorsal (D) views. Abbreviations: dp—diapophysis; ep—epipo- 
physis; li—scars of interspinous ligament; ns—neural spine; po—postzygapophysis; pp—para- 
pophysis; pr—prezygapophysis. 


the cervicals (Osborn, 1906, fig. 3). This trait may also exist in Coelurus 
(YPM 1991), but apparently is absent in Ornitholestes (AMNH 619) and 
Ornithomimus (AMNH 5339). 

The functional significance of this angled design of Deinonychus cervicals 
is not entirely clear, but it quite obviously must have been related to natural 
curvature of the neck (Fig. 31). Many modern vertebrates are characterized 
by an arched neck, but few possess more than one or two distorted or angled 
cervicals. In artiodactyls, usually only the seventh (rarely the sixth and seventh) 
cervical is so distorted. On the other hand, some degree of angling is present in 
all cervicals of equids, although pronounced opisthocoely obscures this condi- 
tion. Some degree of angling is present throughout the cervical series of fissipeds 
and is particularly well developed in felids, reaching a maximum in the lion 
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TABLE 3. Morphology of the cervical vertebrae of Deinonychus antirrhopus and Felis leo 
(attitude of centra faces relative to the floor of the neural canal) 


ANTERIOR CENTRUM FACE POSTERIOR CENTRUM FACE 
D. antirrhopus F. leo D. antirrhopus F, leo 
YPM 5204 YPMOC YPM 5204 YPMOC 
Vertebra number YPM 5210 1050 YPM 5210 1050 
Atlas — — — — 
Axis — — Ue 80° 
3 ? 539 ip 63° 
4 Sil 55g 58° 58° 
5 41° SRY 58° 61° 
6 ? 65° ? 65° 
i 45° W52 IBY? 70° 
8 ? — ? — 
9 ? — ? = 
First dorsal 85° 80° 85° 85° 
Mid-dorsal 90° 85° 89° 85° 


FIG. 31. Reconstruction of the cervical flexure in Deinonychus antirrhopus, based on the sharply 
angled centra of mid-cervical vertebrae. Stippled elements are represented by near perfect ver- 
tebrae in the Yale collections. Abbreviations: ax—axis; cd—‘“cervico-dorsal.” 


(Felis leo) and tiger (F. tigris). I believe comparable natural curvature was 
present in the cervical series of all theropods (see fig. 18 in Gilmore, 1920, for 
an excellent example), but it may have reached a maximum in Deinonychus. 
The geometry of lion cervicals is given, along with that of Deinonychus, in 
Table 3. The lion’s neck arches up at an angle of 50° to 60° to the trend of the 
anterior thoracics, as a consequence of this cervical angling. The more extreme 
degree of centrum distortion in Deinonychus, suggests that this cervical series 
‘was held at an even greater angle to the dorsal series than is found in the 
lion. Cervical curvature could be increased, of course, by contraction of the 
dorsal cervical muscles. 
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The post-axial cervicals are all moderately platycoelous, with the posterior 
surface usually slightly more concave than the anterior surface. Anteriorly, the 
centrum is broader than deep and the anterior facet is distinctly kidney-shaped 
with a shallow dorsal notch defining the ventral limit of the neural canal. The 
posterior centrum face is circular to slightly oval in shape with the vertical 
dimension the largest. The centra are narrow-waisted at mid-length, slightly 
expanded posteriorly and have maximum widths anteriorly. The lateral sur- 
faces are marked by deep, oval pleurocoels that appear to have penetrated 
completely through the centrum. None of the cervicals bear even the slightest 
ventral keel. 

The zygapophyses are stout processes bearing large articular facets that are 
situated well beyond the ends of the centrum. These facets lie well lateral to 
but level with the neural canal, and are directed up (prezygapophyses) and 
forward and only slightly inward. Those of the anterior cervicals are oval and 
elongated longitudinally. Those of posterior cervicals are more nearly circular 
in shape. All cervical articular facets tend to be curved rather than planar, 
parallel to the longitudinal axis. In addition, all display a sharp longitudinal 
flex or warp near the medial edge, which divides each articular facet into a 
small medial surface (facing medially on the prezygapophyses) and a much 
larger lateral surface directed upward. These “folds” or flex lines are not 
parallel to the midline, but converge posteriorly and the “fold’’ becomes more 
prominent posteriorly (except for the cervico-dorsal region) reaching maximum 
development in the posterior dorsals. The zygapophyseal facets are progressively 
more widely spaced caudally. As discussed later, these zygopophyseal flexures 
may have restricted the degree of lateral flexion or abduction, but permitted 
maximum vertical flexion and extension. 

The postzygapophyses of posterior cervicals, like those of the axis, are sur- 
mounted by robust tubercles or epipophyses (Gilmore, 1920: p. 36, described 
similar features in Allosaurus). The material at hand indicates that these tuber- 
cles reach their maximum development at about the fifth or sixth cervical, 
where they project 10 to 12 mm beyond the articular facet, and then diminish 
posteriorly. Most probably, they mark the insertion of cervical abductors, pos- 
sibly the M. transversospinalis. 

Parapophyses are prominently developed on all post-axis cervicals immed- 
iately behind the anterior face of the centrum and in front of the pleurocoel. 
In both Allosaurus and Ceratosaurus the pleurocoels are situated above the 
parapophyses rather then behind them. The parapophyses become progressively 
larger posteriorly, with deep, cup-like facets for the capitula. 

Diapophyses are present on all post-axis cervicals. In the anterior cervicals 
they extend downward as small processes from the ventral region of the 
prezygapophyses, and are situated close to the lateral wall of the centrum. 
They terminate in a small oval facet just dorsal and lateral to the capitular 
facets of the parapophyses. On posterior cervicals, the diapophysis is more 
robust, and extends ventrolaterally as an elongate flange from the ventroposte- 
rior region of the prezygapophysis. 

The neural spines are well developed on all cervicals, but they grade from 
a robust, triangular-in-section, dorsocaudally directed process with an expanded 
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extremity in anterior segments to a tall, thin, blade-like process that rises nearly 
perpendicular to the neural canal in the posterior cervicals. This transition is 
contrary to that of Allosaurus (Gilmore, 1920: p. 36) where the anterior cervical 
spines (the axial spine excepted) are blade-like but the spines of posterior 
cervicals (seventh through ninth) are sub-rectangular in section and not blade- 
like. The latter condition also appears to be characteristic of Gorgosaurus and 
Tyrannosaurus. The cervical neural spines in Ceratosaurus are similar to those 
of Allosaurus except that those of the posterior cervicals (sixth through ninth?) 
are blade-like. Coelurus and Ornitholestes exhibit nearly uniform, low, but 
long (anteroposteriorly) neural spines and the cervicals of Ornithomimus ap- 
parently lack neural spines altogether. 

The functional significance of this gradational change in cervical neural 
spines is not known either for Deinonychus or for other theropods. My guess 
at the moment is that it reflects cervical differentiation of the dorsal axial 
musculature—the M. spinalis and semi-spinalis. I doubt if it is related to differ- 
ences in the interspinal ligaments. 

All known cervicals of Deinonychus are characterized by deep, mid-line, 
triangular depressions at the base of the neural spine, both anteriorly and 
posteriorly. These are situated immediately above the neural canal, but are 
separated from it by a horizontal lamina of bone. Gilmore (1920: p. 36) noted 
similar features in Allosaurus but only on the anterior surfaces at the neural 
spine base. According to Gilmore this feature diminishes in size posteriorly and 
is absent on the ninth cervical. There is a similar diminution in Deinonychus, 
but they apparently are present on all cervicals and dorsals. As suggested above, 
these depressions probably mark the sites of attachment of the main mass of 
the cervical interspinous ligament. 


DORSAL VERTEBRAE 


Specimen AMNH 3015 includes 13 vertebral segments, all of which are 
crushed and fragmentary but recognizable as dorsals. They appear to form a 
continuous but incomplete series. Among the Yale specimens are six nearly 
perfect dorsal vertebrae (probably the first, fourth, sixth, seventh, ninth and 
tenth) from two individuals (YPM 5204 and 5210). Anterior centra are slightly 
platycoelous, posterior centra tend to be amphiplatyan. Centrum length is 
uniform throughout the series, but depth and breadth increases posteriorly. All 
centra have slit-like, lateral pleurocoels. The neural arch laps well down on 
the lateral surfaces of the centra and bears prominent, pedestal-like, cupped 
capitular articulations or parapophyses. The transverse processes are subequally 
developed throughout the series, with a slight backward and upward orientation. 
All except the first two or three dorsals bear tall and massive, rectangular 
neural spines, but the neural spines of the first few dorsals apparently were 
short and weakly developed. 


Anterior dorsals 


None of the present specimens permits precise separation of cervicals and 
dorsals, nor can it be demonstrated whether the change is gradual or abrupt. 
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AMNH 3015 seems to show a rather abrupt upward shift in the parapophyses 
and an increase in size of the transverse processes over two segments of the 
series. The first four centra at this point of change are strongly keeled and 
seem to have reduced concavity of anterior and posterior faces. 

One of the unusually well-preserved “dorsal” vertebrae among the Yale 
materials might be considered a “cervico-dorsal” (Osborn, 1906: p. 288), be- 
cause it has both cervical and dorsal features (Fig. 32). Cervical features are: 


A 


FIG. 32. First dorsal or ‘‘cervico-dorsal” vertebra of Deinonychus antirrhopus, YPM 5210, in pos- 
terior (A), left lateral (B) and dorsal (C) views. Notice the reduced neural spine and the planar 
zygapophyseal facets. Abbreviations: dp—diapophysis; ep—epipophysis; li—scar of interspinous 
ligament; ne—excavation of neural arch (hapidocoel — arch + hollow); ns—neural spine; pl— 
pleurocoel; po—postzygapophysis; pp—parapophysis; pr—prezygapophysis. 


1) widely spaced articular facets; 2) articular facets are large and slightly in- 
clined; 3) the posterior zygapophyses are surmounted by small epipophyses; 
4) the neural spine is short, not blade-like or rectangular, and is transversely 
expanded at its summit; in general, it is quite similar to the neural spines of 
the fourth and fifth cervicals; 5) parapophyses are low and are at least partly 
borne on the centrum. Dorsal features are: 1) long, robust transverse processes 
that angle slightly upward and back; 2) ventral sagittal keel on the centrum; 
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8) centrum is short and not angled, but with parallel anterior and posterior 
platycoelous surfaces almost perpendicular (85°) to the centrum long axis 
(floor of the neural canal). Comparison with the presacral series of AMNH 
3015 indicates that this cervico-dorsal represents the 10th or 11th presacral 
vertebra. The orientation and length of the transverse processes show that the 
Yale vertebra bore a large rib with widely separated tuberculum and capitulum. 
The ninth vertebra of AMNH 3015, although incomplete, appears to have 
had short and downward-directed transverse processes. Hence the Yale vertebra 
probably represents the first dorsal—unless a segment is missing from this part 
of the American Museum specimen, a possibility mentioned earlier. 

The centrum of the first dorsal is platycoelous—almost amphiplatyan; it is 
constricted at mid-length and bears a prominent ventral keel. Centrum length 
and height are subequal and exceed centrum width. Anterior and _ posterior 
centrum faces are oval in shape, but are impinged upon dorsally by the large, 
neural canal. Lateral pleurocoels occur as small, elongate depressions at mid- 
length. Large, cup-shaped capitular facets are well developed anterior to and 
above the pleurocoels. 

The neural arch is a large, high and complex structure with very prominent 
zygapophyseal and transverse processes. The zygapophyseal facets are large and 
widely separated from the mid-line, as in the cervical series. Unlike the cer- 
vicals, however, these facets are inclined transversely (at about 30° to the 
horizontal) and both anterior and posterior facets are planar rather than folded 
or curved as in nearly all other presacrals. The degree of folding of the 
articular facets is reduced in posterior cervicals, and apparently in anterior 
dorsals, but is developed to a maximum degree on all other dorsals. This 
reduction or absence of facet flexure in the cervicodorsal region indicates that 
this region of the vertebral column probably had greater mobility than other 
sections of the presacral series. The posterior zygapophyses bear small caudally- 
directed tubercles, very similar to, but much smaller than the epipophyses of 
the cervical series. These features apparently diminished abruptly in the anterior 
dorsals, for none of the other dorsal vertebrae possess them. 

The transverse processes are long and robust, angling up at 30° to 40° to 
the horizontal and backward at 30° to the transverse plane. Proximally the 
bases of the transverse process and of the prezygapophysis are marked by several 
excavations and strut-like ridges—probably an adaptation to lighten without 
weakening the neural arch. This condition is similar to but less extreme than 
that in Coelurus dorsals. The neural spine is short longitudinally and vertically 
and distinctly not blade-like. The extremity is slightly expanded. Although not 
as stout, it resembles the neural spines of the fourth and fifth cervicals rather 
than those of succeeding dorsals. 


Posterior dorsals 


Morphologic changes along the dorsal series are of the usual kind: progres- 
Sive increase in height and width of centra (but not length), the neural spines 
increase in height and massiveness, reduction and loss of the ventral keel, and 
progressive enlargement of the capitular process. With the exception of these 
features, successive dorsal vertebrae are all very similar (Figs. 33 and 34). 
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Fic. 33. Fourth (?) dorsal vertebra of Deinonychus antirrhopus, YPM 5204, in posterior (A), left 
lateral (B) and dorsal (C) views. Notice the curved form of zygapophyseal facets. Abbreviations: 
dp—diapophysis; hy—hyposphene; k—sagittal keel; li—scar of interspinous ligament; pl—pleu- 
rocoel; po—postzygapophysis; pp—parapophysis; pr—prezygapophysis. 


The centra are amphiplatyan or slightly platycoelous and nearly circular 
in end view. Anteriorly, centrum length is slightly more than height or width, 
the latter being subequal. Posteriorly, height and width exceed the length by 
more than 60%. The ends of the centra flare out to maximum circumference 
but at mid-length the centra are constricted and lateral and ventral surfaces 
are strongly concave longitudinally. Anterior and posterior centrum surfaces 
are parallel throughout the dorsal series and perpendicular to the floor of the 
neural canal and none show the ventral “wedging” reported by Gilmore (1920: 
p. 40) in Allosaurus and by Osborn (1917: pl. 27) in Tyrannosaurus. Lateral 
surfaces are marked by deep, slit-like pleurocoels just beneath and parallel to 
the neural arch suture. Ventral keels are absent on all except the first five or 
six dorsals. The neural arch and spine account for nearly two thirds of the 
vertebral height. At the anterior limit of the arch pedicel, just above the 
suture, is a prominent peduncle-like process that terminates in a “cupped” 
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FIG. 34. Posterior (11th?) dorsal vertebra of Deinonychus antirrhopus, YPM 5210, in left lateral 
(A), posterior (B) and dorsal (C) views. The parapophysis is still well below the level of the 
diapophysis, so this probably is not one of the last presacrals. Notice, however, the well-devel- 
oped hyposphene, the expanded summit of the neural spine and the enlarged interspinous liga- 
ment scar. Abbreviations: dp—diapophysis; hy—hyposphene; li—scars of attachment for the 
interspinous ligament; ns—neural spine; pl—pleurocoel; po—postzygapophysis; pp—parapophy- 
sis;; pr—prezygapophysis. 


articular facet for the capitulum. These project prominently to the side below 
and anterior to the transverse processes. 

Gilmore (1920: p. 41) notes that the transverse processes of the dorsals in 
Allosaurus gradually lengthen and assume a more horizontal and directly trans- 
verse orientation, as one progresses from front to back. These are contrary to 
the conditions in Deinonychus. The transverse processes of all dorsals extend 
outward, up and back, at approximately the same orientation throughout the 
series and the length appears to be more or less uniform in all dorsals. 
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The zygapophyses are considerably shorter (relatively) than in the cervicals 
and are placed much closer to the mid-line. The zygapophyseal facets are 
moderate in size and subcircular in shape. All except those of the most anterior 
dorsals display prominent flexures in the medial third of the facet. Prezygapophy- 
seal facets are thus divided into a medial section that faces inward toward the 
mid-line (hypantrum) and an outer section amounting to 75% of the total 
articular facet that faces directly upward. The postzygapophyseal facets display 
the reverse condition, with the medial segments forming a vertical wedge 
(hyposphene) with laterally facing facets and the larger outer zygapophyseal 
surfaces facing downward and slightly outward (Figs. 33A and 34B). Whereas 
the traces of these flexures as developed in the cervical articular facets converge 
toward the mid-line caudally, in the dorsal vertebrae the flexures parallel the 
sagittal plane. As a result, the articular facets of successive dorsal vertebrae form 
a series of trough-like or grooved articular contacts. Again, the functional 
significance of this unusual feature is obscure, but it can be compared with 
the “grasping” zygapophyseal facets in artiodactyls noted by Slijper (1946) or 
the xenarthral facets of edentates. Whereas the “grasping facets’, as usually 
developed in mammals (fissiped lumbars, for example), are the prezygapophy- 
seal facets (facing up and inward), in Deinonychus it is the posterior facets 
that “grasp” (by facing down and out and “enclosing” their counterparts). 

In terms of articular freedom and restriction, these opposites would seem to 
be adaptive equivalents—restricting the amount of intersegmental abduction, 
but permitting maximum sagittal flexion and extension. Accordingly, it would 
appear that the dorsal series (and the cervical series) had considerable flexibility 
in the dorsoventral plane (assuming a strong but elastic interspinous ligament), 
but limited freedom of lateral movement. The restricting factor, as regards 
abduction, is the opposite-facing segments of the two zygapophyseal facets of 
each segment. Because these oppose each other—or face in opposite directions— 
the only movement permitted by both in concert is motion parallel to both, in 
other words, movement in the vertical plane. Those portions of the articular 
facets that face in the same direction (i.e., outer portions of left and right 
prezygapophyseal facets facing upward) permit all degrees of freedom, the 
postzygapophyseal facets contacting them may move away from (perpendicular) 
to) as well as parallel to (including transverse as well as longitudinal movement) 
these surfaces. With the restrictions imposed by the near vertical segments 
(hyposphene-hypantrum) of the zygapophysea facets, the dorsal series appears 
to have been dominated by sagittal flexion and extension. Lateral flexion 
(abduction-adduction) of the presacral column appears to have been limited 
to the cervicodorsal region and the most anterior cervicals, which lack hypo- 
sphene-hypantrum-like zygapophyseal facets. 

With the exception of the first (and perhaps the second and third) dorsals, 
all dorsal neural spines are robust, rectangular blades, oriented nearly vertical 
(perpendicular to the neural canal), or inclined only slightly backward. All 
display slight to moderate expansion of the extremity, and all feature prominent 
mid-line depressions at the spine bases, both fore and aft, just above the 
neural canal. The height of the spines is not great, ranging from 1.5 to 1.75 
times the length of the centrum. In all except the first two or three dorsals, the 
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leading and posterior edges of the neural spines are marked by very prominent 
rugose tracts extending nearly (but never entirely) the full height of the 
spine. These project forward and backward toward the adjacent neural spines, 
and increase in prominence toward the sacrum. These features are recognizable 
on some of the cervical neural spines, but they are not nearly as prominent. 
There can be little doubt that these rugose ridges are the areas of attachment 
of massive and very strong interspinous ligaments. Gilmore (1920: p. 42) de- 
scribes similar features in Allosaurus, as do Stovall and Langston (1950: p. 710) 
in Acrocanthosaurus. The latter authors thought these were for interspinous 
muscles, but similar features in Crocodylus are related to expanded interspinous 
ligaments along the dorsal series. Of particular interest, however, are the nearly 
identical, very prominent rugose tracts of the posterior dorsals of many birds— 
particularly ratites (Struthio, Casuarius, Dinornis and Aepyornis). Only in 
Dinornis are these tracts as prominently developed (relatively) as they are in 
Deinonychus, but they are conspicuous features in all. In modern ratites these 
tracts are the attachment sites of very large interspinous ligaments which fix 
the posterior dorsals into a strong, moderately inflexible, supporting column 
which projects forward horizontally from the sacrum and pelvis. 

The apparently natural curve of the cervical vertebrae strongly suggests a 
horizontal posture for the main part of the dorsal series in Deinonychus. A 
cervical flexure makes no sense otherwise. But the most significant, if not con- 
clusive, evidence for a normal horizontal attitude of the dorsal series, as il- 
lustrated in the skeletal reconstruction of Figure 79, are the prominent rugose 
tracts on the fore and aft edges of the dorsal neural spines and the analogy 
with the massive interspinous ligaments and posture of living ratites. 

In this connection, it is most significant that of all the presacral vertebrae, 
only the atlas, axis and the “cervico-dorsals’ possess completely planar zyga- 
pophyseal facets. All other presacrals bear facets with moderate to extreme 
(90°) flexures, which must have limited vertebral mobility primarily to the 
sagittal plane. The simpler nature of the cervicodorsal facets must have per- 
mitted more degrees of freedom at the base of the neck, including lateral, as 
well as vertical, flexion, and perhaps some twisting. 

The rigidity imposed upon the dorsal series by the hyposphene-hypantrum 
articulations seems contrary to the optimal conditions expected in an active, 
bipedal predator, but precisely the same restrictions (by means of different 
anatomical features) occur in Struthio and apparently in other large ratites. 
Limited mobility of the thoracic series apparently is related to the primary 
weight-bearing function of these vertebrae that jut out horizontally from the 
sacrum to the base of the neck—with the rib cage, viscera, etc., slung beneath. 
The dorsal series is a cantilevered beam projecting forward from the pelvis. 
The additional rigidity required of such a cantilevered beam imposes significant 
restrictions in mobility, which appear to be compensated for in the cervico- 
dorsal region. 


SACRAL VERTEBRAE 


As noted previously, no sacral vertebrae are preserved among the materials 
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in present collections. Consequently, the number of sacral vertebrae is not 
known, although a left ilium (AMNH 3015) suggests that the number was at 
least three and probably four. This interpretation is based on what appear to 
be sutural scars on the ilium, marking the attachment sites of sacral ribs and 
diapophyses. Although the topography of the ilium surface is very poorly pre- 
served there are three moderate-sized, oval-shaped areas of irregular texture 
situated above the pubic peduncle, the acetabulum and the ischiac peduncle. 
Above these are two or three smaller and less well-defined areas of similar 
texture. These are interpreted respectively as probable attachment sites of sacral 
ribs and transverse processes. Presumably the above evidence would indicate 
the presence of only three sacral segments, but there may have been one or 
more dorsals or caudals co-ossified into the sacrum which did not contact the 
ilium. Such a discrepancy between the number of sacral ribs and sacral vertebrae 
occurs in Allosaurus and Ceratosaurus (Gilmore, 1920: pls. 8 and 21). In fact, 
the spacing of the upper series of scars suggests a series of four segments. 


CAUDAL VERTEBRAE 


The caudals number no less than 36 and probably no more than 40 (based 
on YPM 5201, 5202, 5203 and AMNH 3015). Although this number is relatively 
low among theropods, the tail accounted for more than half the total length of 
the animal; tail length approximated 125 cm in the above individuals. 

The caudal series is normal in all respects except two, but these exceptions 
are remarkable features that clearly establish the tail as a critical structure for 
maintaining balance and promoting agility. ‘The chevrons and the prezyga- 
pophyses of all but the most anterior caudals are modified into extremely long, 
double, bony rods reinforcing the tail. Elongated prezygapophyses have been 
noted in a variety of theropods such as Gorgosaurus, Ornithomimus, Orni- 
tholestes, Allosaurus and Ceratosaurus (Lambe, 1917: p. 28; Osborn, 1917: p. 
736 and 748; Osborn, 1903: p. 462; and Gilmore, 1920: p. 47 and 99), but in 
none of these does prezygapophysis length exceed segment length. In Deinony- 
chus, however, the prezygapophysis reaches a maximum length of at least 10 
and perhaps 12 segments (Fig. 37). In the remarkable caudal series of YPM 
5201 (Figs. 35 and 36) these structures are preserved as continuous bony rods, 
1 to 2 mm in diameter, extending more than 430 mm over the length of 10 
preceding segments. The proximal portion of the prezygapophyses are normal 
with distinct, almost vertically oriented, articular facets. Immediately beyond 
these facets, the articular processes narrow abruptly into oval-sectioned rods 
that bifurcate approximately 10 to 15 mm anterior to the articular facets into 
2 cylindrical rods. These double rods pass forward, closely packed with similar 
rods from more caudad segments, in prominent bundles situated lateral to the 
neural arch. Each pair of prezygapophyses extends forward as a pair of double 
rods, clasping the short postzygapophyses of the vertebra in front and continues 
forward to lie parallel to and clasp the prezygapophyses of that same vertebra 
and those of the next 8 or 10 vertebrae beyond. 

Except for the most anterior elements the chevrons are modified to very 
similar counterpart structures. Instead of a long blade-like spine projecting 
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FIG. 35. A nearly perfect caudal series of Deinonychus antirrhopus, YPM 5201. This series is almost a meter in length, of 


which approximately 60 cm are shown here. 


downward and backward, most chevrons are greatly flattened dorsoventrally 
into narrow, flat wedges, the blunt apex of which points caudally. The antero- 
lateral extremities are greatly elongated into double, bony rods extending at 
least nine segments (380 mm) forward, closely embracing the wedge-shaped body 
of the next chevron forward. In ventral view, the chevrons form a series of 
nesting V’s. These interlocking haemal arches are the morphologic equivalents 
of the neural arches above in that successive posterior elements embrace a 
series of preceding segments. 
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FIG. 36. Detail photo of the caudal ser 


Both rod types are nearly uniform in diameter over most of their length 
but gradually diminish from approximately 2 mm posteriorly to less than 0.3 
mm at the anterior extremities. Throughout their length they are subcircular 
in cross section, with a well-defined concentric structure (Figs. 43, 45, 47 and 
49). 

The proximal 8 or 9 caudal vertebrae probably were of normal form with 
normal chevrons and zygapophyses. Specimen YPM 5203, consisting of a partly 
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FIG. 38. Proximal (5th) caudal vertebra of Deinonychus antirrhopus, YPM 5210, in posterior (A), 
left lateral (B) and dorsal (C) views. Abbreviations: po—postzygapophysis; pr—prezygapophysis; 
tr—transverse process. 


dissected, articulated caudal series (interpreted as the 7th through 36th seg- 
ments), includes an anterior caudal vertebra (the 7th?) which is not encased 
in these bony rods, and although both anterior and posterior zygapophyses are 
incomplete, it appears to have had normal articular processes. The succeeding 
vertebra bears normal postzygapophyses indicating perhaps that the incomplete 
prezygapophyses were also normal. There are, however, 4 bony rods (2 pairs?) 
preserved on each side of the centrum that angle up and forward. These 
probably are the most anterior extensions of two chevrons several segments 
farther back. The chevron which articulates with this particular vertebra and 
the vertebra behind (the 9th?) is of normal keel-like construction. (Fig. 40). 

The proximal caudals are relatively short and stout and only slightly longer 
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than wide (Fig. 38). The centra are concave laterally, flaring out at both ends. 
Ventrally, all caudals are marked by a distinct, narrow and shallow longitudinal 
groove. In anterior vertebrae, this groove is a relatively small feature occupying 
only the mid-line area of the ventral surface, but in more distal centra it forms 
the entire ventral surface. All caudals are slightly platycoelous; none are char- 
acterized by pleurocoels. 

Centrum length increases posteriorly to a maximum at the 12th to 15th 
segments, beyond which point it decreases progressively. Height and width 
diminish progressively toward the caudal extremity. 

Transverse processes are stout and of moderate length (approximately equal 
to centrum length in anterior caudals), angling back and outward in a horizontal 
plane. Anteriorly, these processes are sub-circular to oval in section, becoming 
compressed into broad, thin, horizontal blades at about the 5th caudal, and 
diminishing in length posteriorly until represented by only slight ridges on 
the upper lateral surfaces of the 11th and 12th caudal centra. Where present, 
transverse processes arise from the upper lateral surfaces of the centra, although 
in the most anterior caudals they may develop from the neural arch. The 
centrum and neural arch are firmly united in all caudals, as they are in all 
presacrals. In fact, fusion has completely obliterated the centrum-arch sutures 
in all preserved caudal vertebrae. A 5th? caudal (YPM 5210) suggests that 
this suture may have passed beneath the transverse process. 

The neural arch is low and robust in anterior caudals with stout articular 
processes and a thin, rectangular, blade-like neural spine that projects up and 
back at about 75° to the horizontal. The neural spine becomes progressively 
shorter and projects back at a progressively lower angle in successive vertebrae, 
until at the 9th caudal it consists only of a very low, but distinct ridge ex- 
tending over the full length of the vertebrae and terminating in a low apex 
between the postzygapophyses articular facets. A very faint ridge is present 
on the llth and 12th (Fig. 39), but succeeding caudals bear no sign of a 
neural spine. 


CHEVRONS 


As noted above, all except the most anterior chevrons (Fig. 40) are modified 
to highly specialized structures which almost duplicate on the underside of the 
caudal column the nesting design of neural arches and prezygapophyses above. 
The most anterior chevrons are not known, but it is probable that the first 
chevron was situated between the first and second caudal vertebrae as in Gorgo- 
saurus (Lambe, 1917) and Ceratosaurus (Gilmore, 1920). ‘The beveled anterior 
and posterior ventral margins of all the preserved caudals in AMNH 3015 
support this conclusion. 

The most anterior chevron preserved in natural position is associated with 
vertebrae that I interpret as caudals 8 and 9 (YPM 5203). This chevron (Fig. 41A) 
is of normal design, with a relatively short dorsoventrally projecting blade 
which is expanded longitudinally into a spade-shaped keel. The greatest dimen- 
sion is longitudinal, near the distal extremity. Proximally the thin chevron 
blade flares out transversely to enclose the haemal canal. Above the haemal 
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Fic. 39. A mid-caudal vertebra of Deinonychus antirrhopus, YPM 5203, in lateral (A), posterior 
(B) and dorsal (C) views. Abbreviations: po—postzygapophysis; por—postzygapophyseal rod; 
prr—prezygapophyseal rod. 


FIG. 40. Proximal chevrons of Deinonychus antirrhopus, YPM 5244, in left lateral (A and C) and 
posterior (B and D) views. Presumably that illustrated in A and B occurred anterior to the 
chevron of C and D, on the basis of the relative sizes of the haemal canal. This seems to be 
substantiated by the last normal chevron in the caudal series of YPM 5203 (see Fig. 41A). 
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canal, well-developed, wedge-shaped articular processes meet in the mid-line, 
but apparently do not co-ossify. A number of similar chevrons were found 
isolated in the Yale quarry and are believed to represent more proximal chevrons 
of Deinonychus (Fig. 40). 

The adjacent chevron in this specimen (YPM 5203), which articulates with 
the 9th and 10th caudals, is totally different in form (Fig. 41B). Instead of a 
compressed, longitudinally expanded sagittal blade, the 9th chevron flares out 
transversely into a flat-bottomed, V-shaped structure the apex of which is 
directed caudally. The anterior ends of the V extend forward an unknown 
distance (at least to the anterior end of the 8th caudal) as double bony rods 
on each side. Clearly, this is the most proximal chevron bearing these unusual 
bony rods. Presumably the rods from this segment were the shortest of the 
entire series, although at least 9 caudals occur in front of this chevron. Chevron 
rods are preserved with both the 9th and 8th caudals, so those of this chevron 
clearly extended at least 2 segments forward, but I suspect that they did not 
extend much beyond the 7th caudal with the first 5 or 6 caudals entirely free 
of chevron rods (and probably of the prezygapophyseal rods as well). Except 
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Fic. 41. Outline drawings showing the variation in chevron form in the caudal series of Deinony- 
chus antirrhopus (based on YPM 5201 and 5203). A) chevron between eighth and ninth caudals 
(YPM 5203) in lateral (1), posterior (2) and ventral (3) views. B) chevron between ninth and 
tenth caudals (YPM 5203) in lateral (1), anterior (2), ventral (3) and dorsal (4) views. C) a chev- 
ron at mid-tail (YPM 5201) in lateral (1), cross-section (2) and dorsal (4) views. D) a distal 
chevron (YPM 5201) in lateral (1), cross-section (2) and dorsal (4) views. 
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for somewhat greater depth dorsoventrally, more abrupt taper of the V, and a 
prominent mid-line anterior projection, this element is similar to the remaining 
chevrons. Dorsally, it is expanded transversely to enclose the haemal canal and 
bears two normal, stout articular facets. More distal chevrons are progressively 
narrower and shallower. It is also clear that succeeding chevrons, behind the 
first specialized chevron, bear successively longer rods, until a maximum length 
of 10 or more segments is achieved. Specimen YPM 5203 has 7 rods preserved 
on the left side of the first specialized chevron, showing that the rods of at 
least the following 4 chevrons were longer. 

The microscopic structure of these chevron rods is identical to that of the 
prezygapophyses (Figs. 43 and 49). Examination of a number of thin sections 
of the 14th and 15th caudals of YPM 5202 shows that there are differences in 
the internal structure of adjacent chevron rods. This, of course, reflects the 
fact that each pair of rods is sectioned at a different point in its length. For 
example, in Figure 49 one rod is distinctly oval in section and has a double 
concentric structure, whereas the adjacent rods are circular and show a simple 
concentric pattern. The oval rod has been sectioned close to the body of the 
chevron just behind the point at which the left process bifurcates. 

Two basic structural types, aside from the double pattern just noted, are 
present within the chevron rods: 1) simple concentric structure with a solitary 
central cell or canal (Fig. 47), and 2) concentric shell with a compound core 
structure consisting of two to eight oval or subcircular canals or cells (Fig. 43C). 
The simple condition appears to be relatively rare, although it must be kept 
in mind that the thin sections available come from only one short segment 
of the caudal series, as shown in Figure 37. The much more numerous complex 
rods appear to have a central core composed of perforated but not cancelous, 
bone surrounded by a thick sheath of compact (periosteal?) bone. The super- 
ficial concentric pattern is remarkably similar to the dense periosteal bone of 
modern reptilian long bones. 


ORIGIN AND FUNCTION OF CAUDAL RODS 


The unusual and extreme nature of the prezygapophyseal and chevron rods 
in Deinonychus raises intriguing and important questions about development 
and function. It is very evident that this caudal series was highly specialized 
for some particular function. It is also evident that either the precise function 
or the overall importance of the tail in this animal’s behavior and way of life 
was unique. The tail is a critical structure for grasping, maintaining balance, 
or facilitating agility in a wide variety of living vertebrates. Its function is 
often an essential factor in successful adaptation to particular modes of life, 
as in riccochetal rodents, squirrels, tarsiers, lemurs and kangaroos. But in these 
examples, precisely controlled mobility (and strength in the instance of the 
kangaroo) are essential qualities. Extreme flexibility, of course, is required for 
prehensile capabilities as in cebids and chameleontids. In view of the very 
limited degree of flexibility of most of the caudal series in Deinonychus, prehen- 
sion may be discounted. 

None of the living “tail balancers” (lemurs, squirrels, riccochetal rodents, 
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kangaroos) possess caudal structures that even remotely resemble those of 
Deinonychus. In fact, they all display the usual mammalian pattern—the pro- 
gressive diminution of both articular processes and chevrons over the length 
of the caudal series. Among mammals, whether the tail is an important stabiliz- 
ing or balancing appendage or not, these structures are rudimentary or non- 
existent beyond the fifth to eighth caudal segment, as are the transverse processes 
and neural spines in most instances. In living reptiles and in a majority of 
extinct reptiles the articular processes and chevrons persist as functional ele- 
ments over most of the caudal series, but only in rhamphorhynchoid pterosaurs 
do we have evidence of such extreme development as in Deinonychus. The 
rhamphorhynchoid condition appears to be a parallel adaptation and I plan 
further study of this group. 

At first glance the closely packed bundles of bony rods would appear to 
have completely eliminated all tail flexibility, but closer examination reveals 
that there is no co-ossification between adjacent rods (Figs. 42-49), no fusion 
of adjacent vertebrae even at the tail extremity, and no fusion of chevrons to 
centra. Most surprising of all, however, is the presence of distinct articular 
facets (synovial joints) on pre- and postzygapophyses, apparently throughout 
the entire length of the tail. Intersegmental mobility may have been restricted 
by the enclosing rods, but it was not eliminated. 

Continuity of these rods with the caudal neural arches and haemal arches, 
together with uniform surface texture and shape with those structures, suggests 
that these rods are extreme elongations of normal bony processes, but it is 
highly unlikely that they developed from the usual centers of ossification. It 
seems much more reasonable that they ossified from other connective or mus- 
cular tissue during early ontogeny. Non-osseous structures present in living 
reptiles and mammals suggest a possible origin and a reasonable function. 

Tetrapod caudal musculature consists of short intersegmental and long trans- 
segmental muscles. The latter are typically arranged in lateral or near-mid-line 
dorsal and ventral positions. The lateral muscles, including the M. ilio-caudalis, 
M. ischio-caudalis and M. femoro-caudalis, commonly are the largest of the 
caudal muscles in reptiles, inserting on the transverse processes or their rudi- 
ments over much of the caudal length. These muscles are the caudal abductors 
or lateral flexors. Excluding the transverso-spinalis and longissimus, the other 
dorsal and ventral caudal muscles in reptiles (M. extensor caudae medialis, 
M. extensor caudae lateralis, and M. flexor caudae) are usually small muscles, 
except at the base of the tail. Mammals generally possess the same basic caudal 
muscle arrangement but the dorsal and ventral components are the largest and 
the lateral muscles are reduced. We can correlate the dominance of lateral 
caudal musculature in reptiles with the lateral, undulatory pattern of locomo- 
tion in lizards and crocodilians. We can suppose that the contrary dominance 
of dorsal and ventral caudal musculature in mammals is correlated with loss 
of the reptilian, sinuous, lateral undulations of the axial column during loco- 
motion. Extension and flexion of the tail in or close to the sagittal plane 
appears to be more important than lateral flexion in mammalian tetrapods. 
Compare reptiles and mammals, for example, in the proportion of the caudal 
length that bears distinct transverse processes, the principal origin and insertion 
sites of caudal lateral flexors (Table 5). In those mammals that carry “dynamic 


PEABODY MUSEUM BULLETIN 30 


70 


"pox teaskydode8kza1d—az ‘uow3es Surpas.ons 
jo stshydode8kza1d—,1d ‘jeurd [eIndu—ou ‘yoie [eInsu—eu ‘[euRd [eMIseY—IY ‘por UOIAIyI—ID 
{UOIAIYI—YI ‘SUOTIVIAIIQKY ‘SF “SIq JO G puke D UT payesNyyI svare ay) ayeoIpul gq Jo Sa[suEW—EI 
aul ‘{ Ul payuapr oie soinjeaj snowea oy y, ‘ede wu F Ajayeutxo1dde paoeds oie gp pue OF 
‘EP ‘Gh ‘BIq JO SUOTIIIS ASIOASULIY INOJ IJ, “sapts Yo] puv IYSt1 0} presar YIM A]}a1109 pajUstto 
sI UOT}IVS DY J, ‘Spor [epnes sieipn9ad ayy Sutrmoys (ZOs™q WdA) [!eI-prut sesu sndoysujuy snyo 
-(uourag Jo viqaiJoA [epned & Jo Jed AoLIa}sod ay} Y8no1y) (gx) UOTIIaS asIaASURLT, (Y) “Zp “OIA 


4 


MOAT RP OW ANTONE ARI ORV co CONTR NTO TEARN OY Monee ORD MCA AOA TTD 


4 


qi 


OSTEOLOGY OF DEINONYCHUS ANTIRRHOPUS 


oe 


f . 
: 


i? 


-W109 SAVY S190 


-iod,, ‘o11jUa0U0d Sut 


” 


q 


sa109 atduris aAvY Spor autos ey) J9T10N 


‘sat00 punod 


SpOl UOIADYD ay Jo auo0q 


MOYs (ZF “SIY) UONIas astaAsue snorAatd Jo sevaie (xQzZ) poSrepUy 


“ 


6 


[e21s0 
p ‘old 


PEABODY MUSEUM BULLETIN 30 


qZ 


‘Sp ‘SIq UI SE SUOTILIAIIQGY ‘GP ‘Sly UI pasivpus vore dy} sa}vdIpuT g Jo 
a[8ur a1 sy, ‘Zp PANSY Jo Ivy} 0} IOMoj}uUe wu F ATa}eUNTxoIdde (y) uONDIaIS asIOASULIL, “Fp “OLA 


peconememusamecueniae 
ie = oa 


4S 


OSTEOLOGY OF DEINONYCHUS ANTIRRHOPUS 


‘quOg [evaIsoliod 10 partake] Jo ,,puII,, UI) & UT PasopIUD SI SI], “19}U90 yoy Ie siskydodeSAza1d 
ayy jo auo0q urisiaAezy yeotddy ay) VN0N ‘spor [easAydodeSAzoid [e12Aas Jo auo0q ,,[eaysorsod,, 


dLjU2ZIU0D ay} Surmoys (FF 


¢ 
2 
# 


“ 


814) UoT}Ias asIaAsUeI] snoTAaId Jo vore (X0Z) pasiejUy “Gp ‘ola 


PEABODY MUSEUM BULLETIN 30 


74 


‘Gh (SI UI Se SUOTILIA 
-21qqVy ‘(yo) UoTAdYD ay) JO WIOF JaIoyIp Ar9A ayy pue (td) stshydodesizard ayy Jo azis raT[ews 
ay) DNON “FF ans1g jo yy) 0} Josue wu F Ajayeurxoidde (y) UoNses astoAsULI], ‘OF “OIA 


Hitneie ape nan mans neaannnacnent nasa aman emmetaassteanarccsas tis, 


75 


OSTEOLOGY OF DEINONYCHUS ANTIRRHOPUS 


‘Gp ‘SI UI UMOYS spor auIes ay} 
aie IYBI 9Yy) 3 Spor vaIyI dU, “103U99 wIO}0q 1 (,1d) stshydodeBAzaid ayI ut auoq ([eaysorsad) 
parade] Jo auoz [emyssdns uly ey} aNoN ‘spor easkydodeSzaid ayy Jo oamjons JeUIDIUT 
ayy Surmoys (qgF “SIq Jo a[8urjaI) UONIas astaAsueI} snorAaid jo vore (X0Z) pasiejuy “Lp ‘ord 


PEABODY MUSEUM BULLETIN 30 


76 


‘Op ‘SI Ul Se SUOTILIADIQGY ‘9U0q UeISIDAL]_T JO Sa10d (jy 811 pue 3JaT) OMI AALY ,,sa8uUazOT,, 
yoq Inq ‘alsy s1njINYS [LUIIJUT 9YI [VIAIT JOU SIOP jJseIJUOD DUT, ‘apIs Yea UO spor a[qnop 
OJUT UOTIVIINJIq 0} Ior1a}sod AjajyerpawiUNt ‘UOIAIYI ay] JO SUOISUa}XI IOIIa]Ue ay) Jo sIZeYs [eur 
-IxoId 9} 91% asaI{ J, “SpOI UOIAIYI JO SUUINTO OM} JY] Jo WI0}}0q ay) 1e s}JUIMMaTa padeys-asuszoT 
ay} NON ‘OF “SIZ JO IY) O} JOMa}ue wu F Ajaj}eUTxoidde (y) UOTIIIS asIaASURIT, “gp “DIA 


77 


OSTEOLOGY OF DEINONYCHUS ANTIRRHOPUS 


‘por yay toddn ay) jo utaned ayqnop ay} 99110N ‘spo uoIAaYyP Jo aIN}ONIIs DIWUIDU0D 
ay) Surmoys (qsp “SY JO a]9uvIa1) UOTIIs asiaAsuIy snotAaId Jo voIe (X0Z) pasielUy ‘GF “ora 


78 PEABODY MUSEUM BULLETIN 30 


TABLE 5. Morphology of caudal vertebrae in some selected tetrapods 


No. of caudals with Percent of total 
distinct transverse tail length with 
Taxon processes transverse processes 

Alligator mississippiensis 18 50 
Crocodylus americanus 17 48 
Tupinambis teguexin 18 40 
Iguana iguana 14 20 
Varanus komodoensis 50 80 
Varanus niloticus 51 84 


Felis domesticus Uf 
Cants familiaris 7 
Lemur catta 5) 
Tamiasciurus hudsonicus 5 12 
Dipodomys ordit 4 
Didelphis marsupialis 7 
7 


Macropus rufus (?) 42 


tails,’ only the proximal segments bear distinct transverse processes, involving 
10 to 30 percent of tail length. Even in kangaroos (Macropus) distinct trans- 
verse processes occur only along the proximal 40 percent of the tail, although 
pronounced dorsoventral flattening of the distal centra has resulted in some 
transverse expansion of the vertebrae. In crocodilians and lacertilians, how- 
ever, the caudal series bearing transverse processes generally ranges from 40 
to 80 percent of the total caudal length. 

In lizards (Iguana, Basiliscus) the two dorsal muscles are moderately de- 
veloped. The medial muscle, M. extensor caudae medialis, lies next to the 
neural spines, extending from the sacrum to the distal part of the tail. Origins 
are on the neural spines and insertions at the bases of more caudad spines 
and on the neural arches. Situated lateral to this is the M. extensor caudae 
lateralis, which is somewhat larger and more prominent. The extensor lateralis 
extends posteriorly from the sacral ribs and the fascia of the M. longissimus 
dorsi to insert by individual tendons on the extremities of the prezygapophyses 
beginning with the fifth caudal vertebrae. A prominent, but not large, muscular 
belly is evident at the base of the tail, but beyond the seventh or eighth caudal, 
only bundles of thin, parallel tendons with few muscle fibers are present. The 
arrangement is strikingly similar to that of Deinonychus, as shown in Figures 
35 and 36. 

Ventrally, a minor long muscle lies lateral to the haemal spines, inserting 
by individual tendons to the bases of successive haemal arches. The origin 
appears to be by fleshy attachment on the ventral surfaces of the sacral and 
posterior dorsal centra. This is the M. flexor caudae. 

In mammals, comparable extensors and flexors are strongly developed, 
particularly in the lemur, cat, dog, and probably also in squirrels and riccochetal 
rodents. The mammalian muscles are the M. sacrococcygeus dorsalis medialis, 
dorsalis lateralis, ventralis medialis and ventralis lateralis (Miller et al, 1964). 
The lateral or abductor muscles (M. intertransversarius coccygeus) are relatively 
small, except at the base of the tail. Again, the striking similarity of the tendon 
bundles and of the attachment sites of individual tendons of the M. sacro- 
coccygeus dorsalis lateralis in the common cat, to the arrangement and “at- 
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tachments” of the prezygapophyseal rods in Deinonychus, like the less distinct, 
but still similar pattern of the M. extensor caudae lateralis in Igwana and 
Basiliscus, is impressive evidence pertaining to the derivation of these unusual 
bony rods in Deinonychus. The chevron rods may similarly be equated with 
the long tendons of the M. flexor caudae of Iguana and Basiliscus or tendons 
of the M. sacrococcygeus ventralis lateralis in Felis, all of which attach to the 
bases of the haemal arches or the haemal processes. 

If the caudal rods of Deinonychus were derived from the tendons of the 
caudal extensors and flexors, this suggests a great deal about function and 
development. ‘Tendons attach to bone by means of the periosteum and the 
tendon sheath is usually continuous with the periosteum. Is it reasonable to 
suppose that osteoblasts could migrate by proliferation from the true periosteum 
into the tendon sheath, transforming it into “neo-periosteum’’? If so, this could 
explain the periosteal-like, concentric structure of these caudal rods and their 
continuity with normal bony structures. 

The possible presence of contractile tissues attached to the anterior ex- 
tremities of these bony rods may account for what appears to be a paradox. 
On the one hand, these bundles of bony rods would have inhibited caudal 
flexibility; on the other hand, the retention of articular facets clearly establishes 
that some flexibility remained. Contraction of extensor tail muscles attached 
to these rods at the base of the tail would pull each pair of prezygapophyses 
more tightly against the preceding postzygapophyses; the result would be a 
more compact, interlocked series of tightly nested V’s. The chevrons forming a 
strikingly similar series of ventral V’s would similarly be nested more tightly 
together by contraction of the ventral flexors. The effect of simultaneous con- 
traction of caudal extensors and flexors would be to stiffen the tail into a 
single unified member. Relaxation of the extensors and flexors would release 
the tightly nested dorsal and ventral V’s, and thereby permit at least some 
passive, if not active, flexibility. 

The normal design of the proximal caudals of Deinonychus indicates that 
considerable flexion, extension and probably abduction was possible in that 
region. We can suppose that medial flexors and extensors, equivalent to the 
M. sacrococcygeus dorsalis medialis and ventralis medialis were the primary 
elevators and depressors of the tail, since the dorsal and ventral sacrococcygeus 
lateralis muscles appear to have been modified into caudal “‘inflexors” or stif- 
feners. Moreover, because the transverse processes are limited to the first 10 
caudals, we can presume that the lateral flexors or abductors were similarly 
restricted to this region and that all abduction, as well as flexion and extension, 
was effected at that region. 

The remaining question is: what is the functional significance of a stiff 
tail? Presumably the stiffening of the tail eliminated the whiplash action that 
occurs with a sudden movement of a flexible or segmented series. Acting as a 
single rigid body instead of a series of separate, but linked, bodies, the moments 
of inertia of all segments are compounded into a solitary, simultaneously acting 
force or counterforce. Thus the angular momentum of the tail of Deinonychus may 
have been compounded whenever required, increasing the effectiveness of the 
tail as a dynamic stabilizer during rapid or irregular movements by the animal. 
(Tight rope walkers use rigid balancing poles, not lengths of flexible chain.) 
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The Deinonychus caudal adaptation probably provided controlled rigidity, but 
at the same time minimized the hazard of fractures that would be inherent in 
a series of co-ossified caudal vertebrae. 


DORSAL RIBS 


A large number of dorsal and abdominal ribs and rib fragments were re- 
covered from the Yale Deinonychus quarry, but, owing to their disarticulated 
occurrence and their incomplete or distorted preservation, a complete recon- 
struction of the rib cage is not possible. A number of ribs were closely as- 
sociated at several spots in the quarry and these probably belong to a single 
individual in each instance, but even these represented very incomplete remains. 
Most of the ribs occurred as isolated bones and cannot be referred to a definite 
specimen. Consequently, the following descriptions include tentative identifica- 
tions that cannot be verified until additional articulated material is discovered. 
All of the dorsal ribs recovered are dichocephalous, as was indicated by the 
available vertebrae. 


CERVICAL RIBS 


Two distinct types of cervical ribs are known (Fig. 50) from the Yale 
Deinonychus site. Both types were closely associated with cervical vertebrae of 
YPM 5210. The most distinctive feature of these ribs is their short length. 
The fact that both kinds are equal to or shorter than the cervical centra 
strongly suggests that none of the cervical ribs exceeded centrum length. Short 
cervical ribs might be considered a “coelurosaurian” character, since they are 
present in Coelophysis, Ornithomimus, Compsognathus and possibly Ornitholes- 
tes. Allosaurus, Gorgosaurus and Tyrannosaurus, on the other hand, are char- 
acterized by elongated cervical ribs equaling or exceeding the length of three 
segments. The cervical series in Deinonychus (and of “coelurosaurs”) would 
appear to have had greater flexibility than those of “carnosaurs.” 

The two pairs of elements closely associated with cervical vertebrae (YPM 
5210) are interpreted as anterior or mid-cervical and posterior cervical ribs. 
This interpretation is based on the fact that the two heads are very close 
together (3 to 4.5 mm) in one pair (Fig. 50A and B) and much more widely 
separated (15 mm) in the second pair (Fig. 50C and D). The capitulum of 
each is sub-oval in shape, rugose in texture and relatively large—several times 
larger than the tuberculum. In these features, they correspond to the size, 
shape, texture and spacing of the parapophyses and diapophyses of several 
vertebrae which I have interpreted as anterior or middle cervicals and posterior 
cervicals. 

In the anterior cervical ribs (Fig. 50A and B) the capitular and tubercular 
heads are close together, but separated by a deep longitudinal channel that 
is circular in section and that continues as a medial concavity on the inner 
surfaces of the anterior and posterior (distal) processes. ‘The stout capitular 
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FIG. 50. Cervical ribs of Deinonychus antirrhopus (YPM 5210). An anterior cervical rib in lateral 
(A) and medial (B) views. A posterior rib in lateral (C) and medial (D) views. Abbreviations: 
ca—capitulum; tu—tuberculum. 


and tubercular pedicels form a C-shaped structure in transverse section. Its 
concave inner surface has a single, small, deep pit facing posteriorly at the 
base of the pedicels. A short, irregular process extends forward approximately 
10 mm beyond the tuberculum and the main shaft. A parallel-edged, medially 
concave blade extends to a posterior termination, rounded and striated, some 
33 mm behind the tuberculum. The capitular process is nearly round in section 
and flares slightly at its extremity. The tubercular process is a compressed oval 
in section and is not expanded at its termination. 

Closely associated with these ribs was another pair of quite different cervical 
ribs (Fig. 50C and D). These are distinctly triangular in shape, rather than 
elongated blades, with short (5 mm), irregular, anterior processes and longer 
(18 mm), triangular, posterior extensions. The capitulum and tuberculum are 
more widely separated (15 mm) and the latter is only about half the size 
of the former. These features correspond most closely with a cervico-dorsal 
vertebra, suggesting these are probably posterior cervical ribs, perhaps the 
eighth or ninth. Again, the capitular surface is strongly rugose, indicating that 
the entire cervical rib series were immovably united by digitate sutures with 
the cervical vertebrae. The external rib surface is moderately convex, the inner 
surface is strongly concave and is sculptured by a number of deep excavations 
at the base of the tubercular process and across the triangular posterior exten- 
sion. When articulated with their respective vertebrae, these cervical ribs trended 
down and backward, parallel and close to the lower lateral surfaces of the 
centra. Posterior processes may have overlapped the short anterior process of 
the rib behind in the anterior half of the cervical series, but any such overlap 
was of limited extent—probably much less than that of modern crocodilians, 
and certainly far less than was characteristic of larger theropods. 

The apparent correlation of long necks with short cervical ribs, and short 
necks with long cervical ribs tempts me to conjecture about relative degrees of 
flexibility and functional significance of the two kinds. But suffice it to say 
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that although the Deinonychus cervical series does not seem to have been of 
unusual length, it clearly was quite flexible, particularly in the vertical plane. 


THORACIC RIBS 


As with the cervical ribs, identification of the dorsal ribs is based on vertebral 
evidence—the spacing, shapes and relative positions of the parapophyses and 
diapophyses. ‘The number of thoracic ribs is unknown, but assuming 14 dorsal 
vertebrae it is probable that all bore ribs. A total of 9 left and 12 right thoracic 
ribs are known, plus numerous fragments. These belong to at least two in- 
dividuals. 

Fig. 51A shows what probably represents the first thoracic rib. It is totally 
different from any cervical rib and its curvature, short length and the relative 
positions of the two heads show it to be an anterior thoracic. The capitular 
and tubercular surfaces are widely separated (30 mm) and lie one above the 
other in a vertical plane. They are subequal in size, but the tubercular surface 
is more elongate and oval, whereas that of the capitulum is nearly round. Both 
are smooth in texture, rather than rugose, indicating greater mobility against 
the vertebra than appears to have been true of the cervical ribs. The capitular 
process is the longer and more robust of the two processes, and projects down 
and inward at nearly a right angle to the main rib shaft. In articulation, the 
capitulum extended inward to fit into the cup-like facet on the parapophysis. 
The tuberculum above and lateral to it articulates against the under side of 
the diapophysis extremity. The main shaft curves out and downward from the 
diapophysis. Proximally, the dorsal aspect of the shaft is raised into a thin, 
caudally reflected crest or ridge, which gradually diminishes distally. At mid- 
length the shaft is nearly oval in section; distally it terminates in a sharp 
tapered point with no evidence of articular contact or cartilaginous connection 
with a sternum or sternal ribs. Total length from tuberculum to the distal 
termination is 101 mm. 

Posteriorly, the expected changes occur in the rib series. Successive ribs are 
longer, at least to the vicinity of the eighth to tenth dorsal (Fig. 51B). The 
capitular process becomes shorter, but no less robust, and capitular and tubercu- 
lar facets are more closely spaced. In correspondence with changes in vertebral 
structure, the tuberculum shifts from a position above and lateral to the 
capitulum to a position well posterior and only slightly above the capitulum. 
The capitulum-tuberculum plane thus rotates from a vertical orientation at the 
first dorsal to one of 45° at mid-dorsal, and a nearly horizontal position at the 
last dorsal. 

In the longest ribs available, presumably from near the middle of the series, 
the capitular process is still the longest and most robust of the two, is oval in 
section and passes medially into a thin lamina of bone extending between the 
two heads. ‘The capitular surface is convex, oval and smooth. The tubercular 
surface is slightly smaller than the capitulum and is concave and oval. When 
in articulation the capitular process extends down and forward to fit into the 
cup-like facet of the parapophysis, the tuberculum articulating with the lateral 
extremity (not the underside) of the diapophysis. ‘The rib shaft curves out and 
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FIG. 51. Dorsal ribs of Deinonychus antirrhopus in posterior view. A) an anterior rib (YPM 
5245); B) mid-dorsal rib (YPM 5249); C) posterior dorsal rib (YPM No. 5249). Arrows indicate 
location of cross sections. Abbreviations: ca—capitulum; tu—tuberculum. 


down from the latter articulation. Proximally, the shaft is almost T-shaped, 
being expanded externally to form slight anterior and posterior “shoulders” that 
surmount the main shaft. This superficial expansion of the shaft diminishes 
distally until at mid-length only a faint groove remains on the anterior surface. 
The distal half of the shaft is oval in section, the greatest diameter being 
longitudinal, not transverse. The maximum rib length known is 300 mm, mea- 
sured along the curve of the shaft from tuberculum to distal termination. Of 
the long ribs, six are preserved intact, with expanded distal ends that show 
an osseous articulation existed between the dorsal and sternal ribs. 

A number of incomplete, short ribs are among the materials from the 
Yale site. Some of these might be from a juvenile, but on the basis of the relation- 
ship of the two heads, and in the absence of any other evidence of immature 
individuals at this site, I have concluded that these must represent the last 
thoracic ribs (Fig. 51C). One of these, from which the extremity is missing, 
measures 49 mm in length (from the tuberculum) and probably did not exceed 
60 mm. A second rib is nearly twice as large in most dimensions and may have 
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exceeded 100 mm in length. In a pair of slightly larger ribs (YPM 5241) the 
incomplete length (along the shaft curve) measures 130 mm. All of these are 
similar in form, but quite distinct from those previously described. First, the 
two heads are closer together (16 mm in the largest) and occur in a horizontal 
plane. The shaft projects outward, apparently nearly horizontally, and then 
swings sharply downward perpendicular to the capitulum-tuberculum plane. 
Proximally, the shaft adjacent to the heads is slightly expanded externally to 
form the T-shaped cross section, but this expansion abruptly diminishes distally 
and the shaft section has the shape of a compressed figure 8, with the transverse 
dimension approximately three times that of the fore-aft dimension. The distal 
extremity is not known. The capitular surface is convex, oval, smooth and 
slightly larger than the tubercular surface, which is concave and oval. In the 
absence of well preserved posterior dorsal vertebrae, the relationships of these 
processes to the vertebra are not known. Clearly, the capitulum fit into a cup- 
like articulation, but whether this occurred on a pronounced pedestal-like para- 
pophysis is not known. The tuberculum appears to have contacted the lateral 
extremity of a relatively short diapophysis. 


STERNAL RIBS AND GASTRALIA 


In modern crocodilians there are two distinct series of ventral, transverse, rod- 
like elements that resemble the dorsal ribs. The more anterior series consists 
of lateral and ventral cartilaginous segments that connect the ventral extremity 
of each dorsal rib with the sternum or xiphisternum. Both segments are com- 
monly calcified in crocodilians. These cartilages are properly referred to as 
abdominal or sternal ribs, the lateral element as the lateral or intermediate 
rib segment and the ventral part as the sternal rib segment. 

Posterior and superficial to the sternal ribs is a series of similar, rod-like 
structures which are dermal in origin, are rarely, if ever, calcified and do not 
contact either the sternum or any of the dorsal ribs. These are gastralia (al- 
though they have been called abdominal or ventral ribs by many authors) and 
in crocodilians are composed of pairs of long lateral and short median elements 
which are joined by overlapping rather than end-to-end contacts. Crocodylus 
has 10 pairs of abdominal ribs and 7 pairs of gastralia (Romer, 1956: fig. 141). 

Gastralia have been reported in several theropods (Tyrannosaurus, Gorgo- 
saurus, Albertosaurus, Struthiomimus [= Ornithomimus] and Allosaurus) al- 
though in all instances these have been identified and described as abdominal 
ribs. Ossified sternal or true abdominal ribs, on the other hand, apparently are 
not known in theropods; at least they have not been reported before. 

A variety of rib-like bones found at the Yale site indicates the probable 
presence of a ventral cuirass in Deinonychus. At least four distinct types of rib- 
like elements, all of which are readily distinguished from dorsal ribs, are repre- 
sented by as many as 8 or 10 examples each. Three of these are paired, being 
represented in the collections by both left and right elements, and the fourth 
quite probably was paired also. The four kinds are of two basic types: 1) 
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FIG. 52. Probable ventral “ribs” of Deinonychus antirrhopus; true abdominal or sternal ribs (A 
and B) (YPM 5246) and segments of gastralia (C, D and E) (YPM 5247), A is considered a lateral 
segment and B the sternal segment of a sternal rib. C and D illustrate a medial segment of a 
gastralia “rib” in ventral (C) and dorsal (D) views. E is interpreted as a probable lateral seg- 
ment of a gastralia “rib” in ventral view. Articular scars are designated as “a.” 


flattened rods with expanded articular surfaces at each end (Fig. 52A and B), 
and 2) curved, tapered rods with appositional or articular scars on one or two 
sides, but with no evidence of terminal articulations (Fig. 52C, D and E). The 
former are believed to be fully ossified sternal ribs and the latter gastralia. 

Osborn (1906) in his description of Tyrannosaurus, was the first to record 
the occurrence of “abdominal ribs” in theropodous dinosaurs. But the struc- 
tures described (see his fig. 12) are almost certainly gastralia and not ventral 
extensions of the dorsal ribs. This is indicated by the overlapping, rather than 
end-to-end, contact of left and right elements, and by their asymmetrical form. 
The gastralia of Tyrannosaurus appear to have consisted of a series of long, 
tapered, lateral elements, some of which co-ossified into V-shaped, asymmetrical 
median bones. The lateral elements probably occurred in pairs, apparently not 
mirror images of each other, and were joined by overlapping contact at the 
mid-line. 

Similar abdominal ossifications were reported by Lambe (1917) in Gorgo- 
saurus and by Parks (1928) in Albertosaurus. Lambe and Parks also referred 
to these as “abdominal ribs,’ but again they appear to be gastralia. Lambe 
reconstructed the series as extending from the sternum to the pubes and con- 
sisting of paired median ventral bones overlapping at the mid-line, and short, 
tapered lateral bones overlapping the lateral extremities of the previous ele- 
ment. He also described two fragmentary bones that appear to be co-ossified left 
and right median elements (as in Tyrannosaurus), which he interpreted as the 
first and last abdominal ribs (Lambe, 1917: fig. 27). 

Osborn (1917) also described “sternal ribs” in Struthiomimus (= Ornitho- 
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mimus) equating ‘“‘at least thirteen rows” with the thirteen thoracic ribs (of 
which he could only see eleven). He interpreted these as composed of a triple 
series on each side (Osborn, 1917: fig. 6 and pl.XXVI) of short, slender “proximal” 
bones, slender “median” bones about twice as long as the proximal element, 
and a stout “ventral” bone about three times as long as the proximal element. 
The latter terminated in club-like expansions at the mid-line. It is evident in 
Osborn’s specimen (AMNH 5339) and in his illustrations that these triplets 
overlapped one another, as in Gorgosaurus. It is also evident that, contrary to 
Osborn’s opinion, there is neither numerical nor spatial correspondence with the 
11 preserved dorsal ribs. This is verified by other ornithomimid specimens, 
Struthiomimus currelli (ROM 851) and S. ingens (ROM 852) (=Ornithomimus), 
as shown in Plates I and V of Park’s 1933 report. In addition, these specimens show 
that these structures are best developed and apparently concentrated in the ab- 
dominal region immediately anterior to the pubes and diminishing forward to- 
ward the region of the sternum. On these grounds, I believe them to be gastralia 
and not true sternal ribs. 

The triple nature of the above structures is unlike that described in Tyran- 
nosaurus or Gorgosaurus, but it resembles the condition reconstructed by Gil- 
more (1920) in Allosaurus. Gilmore noted “double abdominal ribs” (as in 
Tyrannosaurus) but he reconstructed the ventral cuirass as composed of a series 
of transverse “ribs” consisting of three or four segments on each side of the 
mid-line or on each side of a single, V-shaped median bone (Gilmore, 1920: 
figs. 38 and 39). In light of the triplet design of the gastralia in Ornithomimus, 
it appears that Gilmore’s reconstruction is probably correct, but I suspect that 
some of the elements preserved in his specimens (USNM 4734 and 8367), 
specifically those illustrated as C and D in Figure 38 (Gilmore, 1920), are parts 
of sternal ribs, rather than gastralia. 

Is it possible to distinguish between gastralia and true sternal ribs if the 
elements are disarticulated? A very distinct difference exists in Crocodylus and 
Alligator. Sternal rib segments articulate with each other and the sternum or 
the dorsal rib by end-to-end contacts. Gastralia segments contact each other by 
overlapping contacts only. The Deinonychus material includes both of these 


types. 


STERNAL RIBS 


The two types of rib-like bones which I interpret as sternal rib segments 
(Fig. 52A and B) are represented by a minimum of five examples each from 
the Yale Deinonychus site. The shorter of the two (Fig. 52A) is strongly 
flattened, slightly curved perpendicular to the plane of flattening and is distinctly 
sinuous in the plane of flattening. One end is greatly expanded and moderately 
rugose, as though for cartilaginous contact with another element. The other end 
is only slightly expanded, but has a similar rough surface, apparently for car- 
tilaginous contact with another bone. In the terminal articulations and in the 
curvature, both perpendicular and parallel to the plane of flattening, this bone 
is similar to the intermediate or lateral segment of the sternal rib in Crocodylus, 
and I have so interpreted it. 
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The long element (Fig. 52B) is similarly flattened, but is subequally ex- 
panded at both ends and is significantly longer than the preceding bone. More- 
over, unlike the previous bone, the curvature is most pronounced perpendicular 
to the plane of flattening. This bone is strikingly similar to the medial or 
sternal segment of the sternal rib in Crocodylus and accordingly has been so 
interpreted. 

In the absence of articulated material, I am unable to establish the precise 
relationships between the dorsal ribs, sternal rib segments and sternum, but 
upon comparison of the relative sizes and shapes of the rib ends I suggest that 
the small end of the intermediate sternal rib segment (Fig. 52A) articulated 
with the extremity of the dorsal rib. One end of the bone interpreted as the 
sternal segment (Fig. 52B) is flatter than the other and probably contacted the 
expanded end of the intermediate segment. Figure 53 illustrates the restored 
transverse section of the rib cage at about the fifth or sixth dorsal vertebra in 
accordance with these interpretations. 

No estimate as to the number of sternal ribs is possible with the existing 
material. At least one or two anterior dorsal ribs appear not to have had any 
osseous connections with the sternum (Fig. 51A). Posterior dorsal ribs probably 
lacked sternal segments also. 


GASTRALIA 


The presence of gastralia in Deinonychus is indicated by numerous, asymme- 
trical, tapered and curved, rod-like bones apparently free of terminal articular 
surfaces. Most of these bear one or two articular scars (as in Fig. 52C, D and E) 
some distance from either end. These scars are comparable to those figured by 
Lambe (1917: figs. 25 and 26) and Gilmore (1920: fig. 38E) as well as the 
contacts of gastralia segments in Crocodylus and Alligator. 

The shortest segment apparently was L-shaped when complete, is slightly 
compressed and bears two distinct scars on opposite sides close to the angle. The 
stout end is not complete in any of the material available but it appears to 
have been blade-like. The opposite end tapers uniformly to a point, is oval 
to round in section and smooth in texture, showing no sign of muscular or 
bony contact. Both left and right elements are present, but positive pairs have 
not been recognized. Some bear a prominent boss at the apex of the angle, 
perhaps for contact with its opposite, but this feature is absent on most speci- 
mens. The positions of the two scars suggests an overlapping of each element 
with those in front and behind, probably close to the mid-line. The irregular 
presence of a third articular scar suggests that not all members of the gastralia 
series met at the mid-line. Chiefly on the basis of the multiple appositional 
scars, I consider this to be the medial segment of a gastralia element. 

A large number of curved, doubly tapered, oval to round rod-like elements, 
some of which bear a single, poorly defined appositional scar, (as in Fig. 52E), 
were scattered throughout the Yale quarry. None are complete and most are 
not worthy of further consideration. Those which bear the presumed articular 
scar may represent lateral segments of the gastralia that overlapped median 
segments in the manner illustrated by Lambe (1917) and Gilmore (1920), 
but this cannot be confirmed at present. 
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Fic. 53. A restored transverse section of the trunk of Deinonychus at about the sixth dorsal 
vertebra, showing the unusually deep thoracic region and hypothesized relationship of lateral 
and sternal segments (Fig. 52A and B) to the dorsal ribs. Abbreviations: DV—dorsal vertebra; 
DR—dorsal rib; LR—lateral segment of sternal rib; SR—sternal segment of sternal rib; “St”— 
sternum. 
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APPENDICULAR SKELETON: PECTORAL GIRDLE AND FORELIMB 


Contrary to what might be described as the general condition in “carnosaurs,” 
the forelimb and manus of Deinonychus are relatively large—in fact, the 
manus is much longer, relatively, than in any other theropod with the possible 
exception of Ornithomimus. The total length of the forelimb and manus is 
more than 700 mm, or much more than twice the length of the skull (ap- 
proximately 320 mm). Allosaurus (USNM 4734) with a skull length of 605 
mm has a forelimb-manus length of 948 mm. The manus is significantly longer 
than the humerus or the radius-ulna, and is nearly as long (300+ mm) as the 
skull (320 mm). In general, the manus is most similar to that of Ornitholestes, 
although much larger and more robust. It is tridactyl and without any indica- 
tion of digits IV and V. The large unguals and the extreme development of 
flexor tubercles indicate that the manus was a powerful grasping structure, 
probably adapted for predation. 


PECTORAL GIRDLE 


SCAPULA 


Both scapulae are preserved in AMNH 3015, the left being nearly complete 
(Fig. 54 and Table 6). Although the extremity of the blade is missing in both, 


TABLE 6. Measurements (in millimeters) of the scapulae of 
Deinonychus antirrhopus (AMNH 3015) 


Left Right 
Maximum length 190* = 
Maximum blade breadth DSS 252.0% 
Least blade breadth 21e9 — 
Maximum blade thickness ANt/ as) 16.0 


* = approximate. 


so that the maximum scapular length is not known, there is no evidence that 
the blade is expanded distally as in Allosaurus and Tyrannosaurus. The scapular 
blade is long but very slender (maximum width equals 23.5 mm) with the 
inferior and superior margins almost perfectly parallel. Proximally, it is robust 
(16 mm thick) and oval in section, but it becomes thinner (6 mm) and 
more blade-like distally. Both lateral and medial surfaces are convex across the 
width of the blade, but along its length it is strongly curved in the transverse 
plane conforming to the curvature of the rib cage. Proximally the scapula is 
expanded both transversely and longitudinally to a maximum transverse thick- 
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FIG. 54. Right scapula of Deinonychus antirrhopus (AMNH 3015) in lateral view; ac—acromial 
process or deltoid border. 


ness of 18.5 mm and a fore-aft length of 46 mm at the upper margin of the 
glenoid. ‘The acromial process or deltoid border is not greatly expanded an- 
teriorly. Although imperfectly preserved, the glenoid appears to have been an 
unusually deep notch, the orientation of which can only be approximated, but 
which appears to have faced anteroventrally and outward. Presumably the 
scapulo-coracoid suture passed through its center. 

In general, the scapula is most like that of Ornithomimus with its long, 
narrow, parallel-edged blade. It differs from the typical theropod scapula in 
the apparent absence of any significant distal expansion of the blade and the 
unusually small size of the acromial process (deltoid border) above and an- 
terior to the glenoid. Both of these features may be correlated with reduction 
of the scapular deltoid musculature which in part is involved with humeral 
extension (recovery). 


CORACOID 


Only a small part of the left coracoid is preserved in AMNH 3015, representing 
the ventral margin of the glenoid. No other evidence exists pertaining to its size, 
shape or the nature of its junction with the scapula. 


FORELIMB 


HUMERUS 


Both humeri are known in AMNH 3015, although neither is complete. 
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Portions of the shaft and the deltopectoral crest are missing from the left 
humerus and most of the crest is absent in the right. Nevertheless, the general 
form and major dimensions can be obtained (Figs. 55 and 56). The humerus, 
which is relatively long and slender, is much less robust than that of Allosaurus 
and compares most closely with that of Coelurus (YPM 2010) except that the 
deltopectoral crest and the internal tubercle are much more strongly developed 
in the present genus (Fig. 57). The shaft is slightly curved (concave anteriorly), 
comparable to the curvature indicated by Osborn (1917: fig. 7) for Struthiomi- 
mus (= Ornithomimus) and less than that of Allosaurus. The shaft is long and 
slender, subcircular in section over most of its length and, like all other limb 
bones of Deinonychus, is hollow. Proximally it expands abruptly into a thin 
but very prominent forward projecting ridge, the deltopectoral crest. As in most 
theropods, this crest is restricted to the proximal third of the humerus and is 
situated along the external side of the anterior aspect of the shaft. The apex 
is approximately 7 cm below the head and projects forward approximately 2.5 
cm from the shaft almost perpendicular to the long axis of the humeral head. 


FIG. 55. Right humerus of Deinonychus antirrhopus (AMNH 3015) in medial (A) and posterior 
(B) views (reconstructed from both humeri.) Abbreviations: dp—deltopectoral crest; en—entep1- 
condyle; he—humeral head; it—internal tuberosity; pe—probable area of insertion of the M. 
pectoralis; rc—radial condyle; sc—probable insertion area of the M. subcoraco-scapularis; uc— 
ulnar condyle. 
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Its distal-proximal length is relatively greater than in other theropods and the 
extent of its projection out from the shaft is unusual. These features may be 
equated with the large size of the several muscles that inserted on its inner 
and outer surfaces: the M. pectoralis and coracobrachialis on its inner aspect, 
and the clavicular portion of the deltoid and the M. brachialis and humero- 
radialis on the outer surface. The pectoralis and coracobrachialis are the major ad- 
ductors (flexors) and long axis rotators (medial rotation or pronation) of the 
humerus. The M. deltoid is the principal extensor or recovery muscle of the 
humerus (swinging the humerus forward) and external rotator or supinator. 
The M. brachialis and humero-radialis are flexors of the forearm. 

It is not possible with the present material to map out the respective insertion 
areas of the pectoralis and coracobrachialis, but the unusual projection of the 
deltopectoral crest must have provided greater than usual leverage for medial 
humeral rotation. Similarly we can correlate the somewhat greater than usual 
distal-proximal length of this crest with increased leverage for humerus adduc- 
tion. Both capacities would be important in a raptorial forelimb and the above 
features correlate well with other unusual features of the forelimb. 

The outer surface of the deltopectoral crest is marked by a conspicuous, 
broad ridge that sub-parallels the distal margin of the crest (Fig. 56). This 
ridge is the only feature that can be correlated with the external muscle attach- 
ments on the deltopectoral crest, and it is presumed to separate the origin area 
of the M. brachialis (marginal) from that of the humero-radialis (posterior), 
as shown in Figure 56B. The insertion of the clavicular portion of the deltoid 
must have occupied the remainder of the external crest surface above this 
ridge. 

The M. brachialis and humero-radialis are the principal flexors of the 
forearm in lizards and crocodilians and it is presumed that they had the same 
function in Deinonychus. It cannot be demonstrated that the external ridge at 
the base of the deltopectoral crest marks the insertion sites of these muscles. But 
if it does, the prominence of the ridge and crest (compared with other theropods 
and with reptiles in general) would indicate that these muscles were unusually 
large. ‘This in turn suggests unusually powerful forelimb flexion. Again, forearm 
flexion is a critical faculty in a raptorial forearm and in view of the other 
unusual adaptations of the forelimb of Deinonychus, I believe the above in- 
terpretation is reasonable. 

A prominent internal tuberosity projects backward from the inner posterior 
surface of the humeral head as a short, rugose crest. Although much shorter 
and less expanded than the deltopectoral crest, this feature is considerably 
more developed than in any other theropod. Presumably this internal tuberosity 
provided attachment for the M. subcoracoscapularis on its medial surface and 
the M. scapulohumeralis posterior on its external surface, as in modern croco- 
dilians. The normal function of these muscles is to adduct the humerus and 
rotate it laterally (supination). The crest of this ridge is rugose and expanded 
transversely, indicating that whatever muscles attached here were of moderate 
size. The extent to which this ridge projects from the humeral shaft is a 
measure of the significant leverage it provided for humeral rotation. 

Whereas the reduced scapular blade and acromion process suggest a reduced 
mass for the scapular and clavicular deltoid (which typically insert on the 


OSTEOLOGY OF DEINONYCHUS ANTIRRHOPUS 93 


FIG. 56. Right humerus of Deinonychus antirrhopus in anterior (A) and external (B) views. Ab- 
breviations: br—probable origin area of the M. brachialis; de—probable insertion area of the 
deltoid; dp—deltopectoral crest; en—entepicondyle; he—humeral head; hr—origin of the M. 
humeroradialis; it—internal tuberosity; rc—radial condyle; sh—possible insertion area of the 
M. scapulo-humeralis; uc—ulnar condyle. (Reconstructed from both humeri, AMNH 3015). 


external surface of the deltopectoral crest), the relatively enormous size of the 
deltopectoral crest indicates the presence of very powerful pectoralis and cora- 
cobrachialis muscles for flexion and long axis medial rotation (pronation) of 
the humerus. The humeral head (and the glenoid) are too imperfectly pre- 
served to indicate much about the articular movements possible at this joint, 
but the crests described above clearly establish the importance of humeral 
adduction, flexion and rotation. In addition, the conspicuous external ridge 
along the distal base of the deltopectoral crest indicates the probable existence 
of ususually powerful flexors of the forearm. In all probability these features 
were adaptations increasing the mobility and power of the forelimb for catching 
and holding prey. 

Distally, the humerus shaft is expanded transversely into the usual double 
condyle, the outer or radial condyle being the larger of the two. The two 
condyles are separated by a well-developed fore-aft groove. The limits of the 
articular capsule are preserved in part and show that the articular surfaces 
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extended well onto the anterior surface, but were restricted posteriorly, although 
full extension of the forearm appears probable. The ulnar condyle is a little 
more than half the size of the radial condyle and is sharply convex both 
transversely and longitudinally, forming a somewhat elongated ball-like sur- 
face. The long axis of the ulnar condyle roughly parallels the plane of the 
inner tuberosity above. The radial condyle appears to have a similar though 
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Coelophysis Allosaurus Coelurus Deinonychus Ornithomimus Gorgosaurus Tyrannosaurus 


FIG. 57. Comparison of the left humeri of several theropods as seen in medial view (anterior is 
to the right). All are drawn to unit scale to emphasize relative robustness and dimensions of 
the deltopectoral crest and the internal tuberosity. All vertical lines = 10 cm. A) Coelophysis 
longicollis (AMNH 7224), (right humerus reversed); B) Allosaurus fragilis? (YPM 1894); C) 
Coelurus agilis (YPM 2010); D) Deinonychus antirrhopus (AMNH 3015); E) Ornithomimus altus 
(AMNH 5201), (right humerus reversed); F) Gorgosaurus libratus (NMC 2110), (right humerus 
reversed); G) Tyrannosaurus rex (AMNH 972), (right humerus reversed). 


larger form, but its axis of elongation is at some 30° to that of the ulnar condyle 
and is nearly parallel to the plane of the deltopectoral crest. The significance 
of these two parallelisms is not known. The greatest width of the distal end 
(across the two condyles) coincides with the greatest dimension of the head 
and is nearly perpendicular to the plane of the deltopectoral crest. 

The ectepicondyle is represented by a faint ridge at the external anterior 
border of the radial condyle. The entepicondyle, on the other hand, exists 
as a small, but conspicuous knob medial and slightly above the antero-internal 
limit of the ulnar condyle (Figs. 55B and 56A). This feature is clearly separated 
from the articular capsule and is far more prominent than in any other theropod 
with which I am familiar. It seems reasonable to equate the greater than usual 
prominence of the entepicondyle with a relative increase in the power and 
importance of the flexors of the carpus and hand. 


ULNA 


The radius and ulna are well represented in the American Museum and 
Peabody Museum collections. Both left and right elements are nearly complete 
in AMNH 3015. The left radius and ulna and a partial right radius are preserved 
in YPM 5206, the complete left radius and ulna and right ulna are present in 
YPM 5220, and a nearly complete left ulna probably belonging to YPM 5206 
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has been catalogued separately (YPM 5230) because of its isolated position in 
the quarry. 

The ulna (Fig. 58) is moderately robust with strongly expanded proximal 
and distal ends and is about 80 percent as long as the humerus. Except that it 
is more markedly curved, the ulna is similar in overall proportions to that of 
Ornithomimus (Osborn, 1917). The shaft is hollow and subcircular in section 


A 


cm 


FIG. 58. Left ulna of Deinonychus antirrhopus (YPM 5220) in medial (A), anterior (B), lateral 
(C) and posterior (D) views; br + hr? possible insertion areas of the M. brachialis and M. hu- 
meroradialis. 


near midlength but becomes distinctly oval proximally and triangular distally. 
Except near the extremities the shaft is subequal in diameter along its length. 
The shaft is moderately curved, convex posterolaterally or away from the 
radius. 

The proximal articular surface is inclined (toward the radius) with respect 
to the shaft and is nearly flat, with very finely rugose texture. The latter could 
mean the cartilaginous articular pad was thin. The surface is triangular in 
shape with a slight concavity marking the radial margin. No olecranon is pre- 
served, but due to the inclination of the articular surface, the external margin 
projects above the medial border of the facet. A distinct scar marks the limits 
of the cartilagenous pad. The gentle concavity representing the appositional 
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surface for the radius gives way distally to a robust, short ridge which probably 
marks the attachment site of muscles—possibly the M. brachialis or humero- 
radialis or a pronator or supinator of the forearm. 

The distal extremity is expanded anteroposteriorly but compressed latero- 
medially, forming a slightly asymmetrical, rounded distal condyle of compressed 
oval shape as seen in end view. Again the limits of the articular capsule are 
clearly demarked as a distinct angulation separates the slightly roughened tex- 
ture of the extremity from the smooth surface of the shaft. A distinct rugose 
lip along the posterior part of the medial edge of the distal surface marks the 
probable site of the distal radio-ulnar ligament. 


TABLE 7. Measurements (in millimeters) of the fore limb of Deinonychus antirrhopus 


YPM YPM 


AMNH 3015 YPM 5220 5206 5230 
Left Right Left Right Left Right 
HUMERUS: 
Length 22720 237.0* — — — — 
Distal transverse 
width 42.0 42.1 os a = — 
Proximal transverse 
width 36.0 41.0* — — — —_ 
Width across delto- 
pectoral crest 43.5 —_— — —_ — —_— 
Least diameter of 
shaft 18.0 18.2 — — — — 
ULNA: 
Length = 186.0 180.0 174.2 a — 
Greatest distal 
transverse width 32.0 28.3 30.0 30.0 3543 3) ,6 
Greatest proximal 
transverse width 29.6 S12 28.2 29.0 35.0 34.1 
Least diameter 
of shaft - 11.8 10.9 10.6 13.0 132 
RADIUS: 
Length 172),0* — 17250 — 176.5 _— 
Greatest distal 
transverse width 23.8 a 21.4 —— 24.9 _ 
Greatest proximal 
transverse width —_— 20.6 20.2 —_ 23.6 _— 
Least diameter 
of shaft 8.7 10.0 9.0 = 9.3 —_ 


* = approximate. 


RADIUS 


The radius is a nearly straight, cylindrical and hollow shaft only slightly 
shorter and more slender than the ulna (Fig. 59). Both ends are expanded, 
the proximal end anteroposteriorly and the distal end transversely. The long 
and slender form is most like the radial proportions in Ornithomimus and 
quite unlike that of any other theropod. The proximal articular surface is 
moderately convex, finely rugose and triangular in outline. A distinct line marks 
the limits of the cartilage pad. The distal condyle is strongly convex and slopes 
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FIG. 59. Left radius of Deinonychus antirrhopus (YPM 5220) in medial (A), anterior (B), lateral 
(C) and posterior (D) views. 


away from the ulna. Immediately above the distal articular surface, the shaft is 
expanded into a prominent lateral boss and a slight, medially placed tubercle. 
The function of these is not known, but they may have been attachment sites 
of radio-ulnar or radio-carpal ligaments. 

Except for the concave radial margin of the proximal end of the ulna, 
scars marking appositional contacts between the radius and ulna are not well 
developed. This might indicate that these elements were not closely juxtaposed 
and some degree of pronation-supination may have been possible in the forearm. 
The proximal head of the radius is faintly saddle-shaped and could have per- 
mitted some long axis rotation as well as pivoting about the radial condyle of 
the humerus. 


CARPUS 


Four distinct types of mesopodials (excluding the astragalus and calcaneum) 
have been recovered from the three Deinonychus sites. ‘Two types were as- 
sociated with the manus and two with the pes at both the Yale site and American 
Museum site No. 31-7. It can hardly be claimed that the theropod carpus is 
well known, but in view of the fact that at least five carpals are known in 
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Allosaurus (Gilmore, 1920), Gorgosaurus (Lambe, 1917) and Ornithomimus 
(Osborn, 1917) and at least four and probably five are present in Ornitholestes 
and Coelophysis, it seems unlikely that the carpus of Deinonychus could have 
consisted of only two elements. Yet this appears to be the condition. Five speci- 
mens of each of the two known carpals are represented in the present collections. 
No other possible carpals are represented by even a single specimen. Other 
carpals may have been present but not preserved, or may have failed to ossify, 
but the morphology of the two known elements clearly indicates that these 
two bones alone composed the functional wrist joints. Two (YPM 5208) from 
the left carpus were collected in contact in what appears to be natural articula- 
tion. The nature of their articular facets shows that these two bones articulated 
directly with the three metacarpals and the epipodials with no intervening os- 
sicles. Subsidiary ossicles may have existed, but these could not have contributed 
to the joints with either epipodials or metacarpals. 

Both carpals (Fig. 60) are well ossified with distinct and highly finished 
articular facets. Each of the five examples of both kinds is so like the others 
that they could almost have come from the same mold. These clearly were not 
just irregular ossifications, but well formed elements with precise articular con- 
tacts with adjacent bones designed to permit precise movements of the wrist 
and hand. These movements are discussed below. 


Radiale 


The radiale (Fig. 60A-C) is about twice the size of the ulnare with 
prominent, well-defined proximal and distal articular facets. In proximal view 
it is subquadrangular in shape with a prominent medial projection. The an- 
teromedial side is nearly flat with an oval area marked by small irregularly 
placed pits, presumably representing ligament attachments. The posterolateral 
surface is smaller, nearly semicircular in shape, concave and strongly pitted. 
The latter probably indicate a strong ligamentous union of the radiale and the 
ulnare. The proximal surface is saddle-shaped, strongly convex (almost circular 
in profile) along the long axis of the element but moderately concave across 
the width. Thus, it has the form of a broad, shallow groove which is strongly 
arched, reminiscent of the pulley-shaped distal articulations of phalanges (Fig. 
60A). Unlike the latter, however, which are usually nearly symmetrical, the 
present surface is strongly asymmetrical, the radius of the external arc is much 
shorter than that of the medial arc, thus the external curve approximates 
140° of arc whereas the inner curve equals only about 80°. Neither of these 
curves is perfectly circular, but the external arc approaches it very closely. 
This asymmetrical pulley-like surface clearly provided a very precise rolling 
movement of the carpus over the distal extremity of the radius (Fig. 61A 
and B). The amount of movement must have approximated the average of the 
two arcs or about 110°, viewed along the axis connecting the centers of the two 
arcs. However, due to the asymmetry, as the radiale rolls through this angle it 
also twists laterally (supination). The amount of supination possible at this 
joint has been estimated at 35° to 45° degrees (the angle between tangents 
drawn across the lateral and medial limits of the facet) as shown in Fig. 61B. 
It is particularly significant that the long axis of this articular surface is trans- 
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Fic. 60. Right carpalia of Deinonychus antirrhopus. Radiale (YPM 5211) in proximal (A), distal 
(B) and ventral or palmar (C) views. Ulnare (YPM 5228) in proximal (D), distal (E) and ventral 
or palmar (F) views. Abbreviations: ra—articular facet for radius; ra’—articular “stop” for 
radius; ul—articular facet for ulna; 1, 2, and 3—articular facets for metacarpals I, II and II. 


verse, parallel to the plane of metacarpals I and II. Hence this joint facet 
produced adduction and abduction rather than flexion or extension of the 
digits. 

From a fully pronated position of the manus, with the digits extending for- 
ward and the forearm in horizontal position in a parasagittal plane, the hand 
could be adducted approximately 50° and abducted nearly 45° from the para- 
sagittal plane. During adduction, the manus supinated approximately 45°. Ap- 
parently little or no pronation occurred at this joint when the carpus was ab- 
ducted beyond the parasagittal position. In other words, all pronation at the 
wrist occurred during the first phases of abduction from the fully adducted 
position. 

The distal surface of the radiale is divided into two distinct facets separated 
by a moderate-sized, vertical ridge (Fig. 60B). Both facets are shallow con- 
cavities, the medial one being subtriangular in shape and the lateral facet 
quadrangular. The former is the facet for metacarpal I and the latter for 
metacarpal II. The two metacarpals fit these facets so perfectly and snugly there 
appears to have been very little mobility between the radiale and either 
metacarpal. Although there is no co-ossification, I believe that these three 
elements operated almost as a single unit. 


Ulnare 


The ulnare (Fig. 60D-F) is a small, oval-shaped bone, which, like the 
radiale, appears to have been constant in shape. It is represented by five 
examples from two of the three Deinonychus sites. On the evidence of YPM 
5208 (left radiale and ulnare found in contact at the Yale quarry) this bone 
is reconstructed as lying ventral to the radiale and tightly appressed against the 
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Fic. 61. Outline sketches of the carpus and metacarpus (in part) of Deinonychus antirrhopus 
illustrate the nature of the joints between the carpus and epipodials (A and B) and the carpus 
and metacarpals (A and C). The dashed arc of A parallels the articular arc (heavy curve) formed 
by the radiale and the internal proximal part of the first metacarpal. This arc covers 190° + and 
produced a wide angle of adduction-abduction of the manus on the epipodials. This adduction- 
abduction arc was not planar, but curved (twisted) through about 45° during adduction, as is 
shown in B. The dashed curve of B traces the plane of adduction-abduction from a fully ab- 
ducted position at left to a fully adducted position at the right. The 45° angle between arrows 
A and B is the amount of rotation (supination) that occurred during adduction. The dotted 
lines of C outline the proximal ends of the metacarpals, relative to the two carpals (solid lines). 
Abbreviations: rd—radiale; un—ulnare; I, II and I1I—metacarpals I, II and III. 


pitted, concave, ventral side of that bone. Unless it did not contact the radiale 
at all, there seems to be no other possible position, for all other possible surfaces 
of the radiale are known to articulate with other elements. 

The proximal ulnare surface is oval and distinctly concave. Considering 
the movement of the radiale against the radius, this concavity probably per- 
mitted a simple sliding movement, with some rotation, across the expanded 
ventral or posterior portion of the ulnar condyle. The distal surface presents 
another surprise. Unlike the shallow, flat facets for the first and second metacar- 
pal, that for metacarpai III is a broad, smooth convexity which is almost 
cylindrical. The best specimens show this to be faintly saddle-shaped, being 
strongly convex vertically (short axis) and slightly concave transversely (the 
long dimension), as shown in Figure 60E and F. This convex facet includes 
almost 90° of arc in a plane which is almost perpendicular to the plane of 
the first and second metacarpals. A prominent boss or tubercle projects medially 
from this surface, presumably for attachment of a digital flexor. The dorsal 
aspect of this boss is quite smooth and rounded and appears to have been a 
ventromedial extension of the inferior part of the strongly rounded radiale facet. 
In fact, it can be equated with the medial extension of the broader upper curve 
of that surface, and appears to have been a limiting facet or stop that pre- 
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vented further supination at this joint. It may even have produced a slight 
pronation at the final stages of adduction. 

Whereas metacarpals I and II had very little articular freedom against the 
carpus, it is evident from the distal surface of the ulnare that metacarpal III 
had significant, if not considerable, mobility. Inspection of both bones has 
established to my satisfaction that the third metacarpal could be extended as 
much as 15° to 20° away from metacarpal II in a plane almost perpendicular 
to that of metacarpals I and II. I have no explanation for this capacity other 
than to relate it to the grasping powers of the hand. However, since such 
movement would deflect the third digit from the raptorial plane of the other 
digits, resulting in the third claw being directed away from the other claws, the 
functional significance of this joint must lie elsewhere. 


MANUS 


The manus is completely known from several magnificently preserved speci- 
mens recovered at the Yale site (YPM 5206 and 5209) plus the nearly complete 
hands of AMNH 3015. As noted above, the manus is remarkable for its length 
and the unusual size of the digits and unguals (Figs. 62 and 63). Far from 
being reduced, the manus of Deinonychus appears to have been elongated and 
perfected as a grasping organ. Digits I, II, and III are well developed with 
normal theropod formulae (2-3-4). There is no sign of either lateral digit and 
no indication of a vestigial fourth metacarpal in contact with metacarpal III. 
In general appearance the manus most resembles that of Ornitholestes and is 
quite unlike the manus of either Allosaurus or Ornithomimus, particularly in its 
more slender construction and more elongated elements. 


TABLE 8. Measurements (in millimeters) of the manus of Deinonychus antirrhopus 


YPM YPM YPM 
AMNH 3015 5208 5211 5217 
Left Right Left Right Right 
RADIALE 
Length 10.1 —_ 10.9 123 10.5 
(proximo-distal) 
Transverse width 27.0 — 29.9 30.0 24.5 
Vertical height 18.7 — 18.8 18.4 73 
YPM YPM 
5228 $242 
Right Right 
ULNARE 
Length 22 LS 11-0 12.8 9.9 
(proximo-distal) 
Transverse width 2A? a 222, 22.7 18.9 
Vertical height 13.0 12.0 1'SE2 1183), 7 9.7 
YPM YPM 
5206 5206 
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METACARPAL I 
Length 
Distal transverse width 
Proximal transverse width 


METACARPAL II 
Length 
Distal transverse width 
Proximal transverse width 


METACARPAL III 
Length 
Distal transverse width 
Proximal transverse width 


PHALANGES 
I! Length 
Distal transverse 
width 


Proximal transverse 
width 


I? Length along 
outer curve 
Height of facet 


Proximal transverse 
width 


II? Length 
Distal transverse 
width 


Proximal transverse 
width 


II? Length 
Distal transverse 
width 


TABLE 8. 


70.2 


12.9 


(continued) 


62.2 


14.4 


70.7 


12.9 


~I co NO 
‘© 


74.1 
15.3 


19°67 


>95.0 


54.0 
15.9 


tSeF 


76.5 
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TABLE 8. (continued) 


Proximal transverse 


width 11322 Sil 14.1 14.0 — 
YPM 
5222 
Right 
II? Length along 
outer curve — — >80.0 >90.0 >80.0 
Height of facet 150* — 20.2 19.9 18.7 
Proximal transverse 
width 8.9 — 12.0 1250 10.0 
YPM 
5206 
Right 
III! Length — PS 29.9 30.6 = 
Distal transverse 
width — 8.7 9.2 9.4 — 
Proximal transverse 
width — 9.0* OR 10.1 — 
III? Length 15e5e t5e25 20.5 — — 
Distal transverse 
width 9.1 9.5 9.6 a — 
Proximal transverse 
width 8.8 a 10.0 -— — 
YPM YPM YPM 
52115 5209 5243 
Left Right Right 
III? Length ATe3 46.1 _— 52.0 48.7 
Distal transverse 
width 10.8 10.0 9.9 10.0 boa 
Proximal transverse 
width 1022 10.5 10.8 11.4 9.9 
YPM 
5206 
Left 
III* Length along 
outer curve _- — >54.0 >40.0 >40.0 
Height of facet 14.0* —- 1592 14,4* 15e5 
Proximal transverse 
width 6.4 = 5 7.9 7.0 


* = approximate. 


Metacarpus 


As in most theropods, metacarpal I is distinctly shorter, more massive and 
more irregular in shape than the other metacarpals. Its length is only half that 
of metacarpal II although both extremities and the shaft are more robust than 
those of II. The proximal surface is gently convex to almost flat and is triradiate 
in shape. Medially, this surface extends into a narrow ridge which curves 
proximally, hooking over the medial projection of the radiale. This ridge then 
sweeps distally as a broad ventromedial flange with a conspicuous curved border 
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—a continuation of the dorsal arc of the radiale. In fact, in dorsomedial view 
(Fig. 61A), it is one continuous sweeping curve from the apex of this flange 
along its crest and across the dorsal curve of the proximal radiale facet. The 
total arc of this curve is about 190°. Although it seems unlikely that the radius 
rotated across this combined arc to make contact with the first metacarpal, the 


FIG. 62. The left manus of Deinonychus antirrhopus (YPM 5206) in dorsal aspect. The proxi- 
mal ends of the metacarpals are outlined at the upper left. 


crest of the metacarpal flange is stout and rounded and has the same texture 
and sharply defined borders that are present on other articular facets—suggesting 
that it was covered with a pad of cartilage. The fact that metacarpal I appears 
to have been almost immobile against the radiale, seems to add support to 
the possibility that the first metacarpal contributed to the carpus-epipodial 
joint. Its inclusion would have added several degrees of adduction and supina- 
tion to manual mobility. 
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The external side of metacarpal I bears a large, roughened, flat to slightly 
concave scar that extends almost to mid-length of the shaft. This corresponds 
to a counterpart feature on the medial surface of metacarpal II and establishes 
that these elements were tightly appressed together, and both were virtually 
immobile against the radiale. 

The distal articular surface or head of the first metacarpal is irregularly 
expanded beyond the triangular shaft dimensions as an asymmetrical, quadriradi- 
ate, saddle-shaped facet. The medial and lateral margins are convex and separated 
by a broad and moderately deep groove. Unlike the more usual symmetrical 
groove and keel articulations of the phalanges, this joint must have permitted 
some lateral mobility as well as flexion and extension. The medial margin 
extends much farther back on the dorsal surface than does the lateral part. 

Metacarpal II (Figs. 62 and 63) is long, quite robust and of normal theropod 
design. Medially it bears a distinct appositional scar from contact with meta- 
carpal I, but no recognizable scar occurs on the lateral or ventral surface for 
contact with metacarpal II. The distal articulation is a normal slightly asym- 
metrical ginglymoid joint that permitted flexion and extension but only slight 
lateral or medial displacement. The asymmetry, with the lateral condyle some- 
what smaller than the medial condyle, produced a slight outward rotation of 
the digit during flexion. The lateral and medial fossae are subcircular and 
extremely deep, indicating the presence of very strong collateral ligaments. 

Metacarpal III (Figs. 62 and 63) presents still a third metacarpal form. 
It is very slender and slightly curved (concave ventrally), but is only a little 
shorter than the much stouter metacarpal II. The proximal facet is quadrangular 
and narrow, convex transversely, but distinctly concave in the vertical dimen- 
sion for articulation with the broadly rounded distal surface of the ulnare. The 
distal end is expanded transversely and vertically into a broadly rounded con- 
dyle with only a faint groove inferiorly. Prominent fossae for collateral liga- 
ments are present, the inner one the larger of the two. 


Phalanges 


The phalangeal formula is 2-3-4. All three digits terminate in large, laterally 
compressed, sharply recurved, trenchant claws. Those of I and II are the largest 
and are subequal in size. The penultimate phalanx is the longest in each 
digit and that of digit II is the longest element in the manus. All phalanges 
have well-developed and highly finished articular facets and extremely deep, 
subcircular pits or fossae on each side of the distal articular facet. These are 
the sites of attachment of collateral ligaments, the primary function of which 
is to prevent disarticulation of the phalanges. Their extreme development in 
all phalanges of Deinonychus indicates more than normal stresses and more 
than ordinary activity for the hand. The articular facets of digits I and II 
are of the ginglymoid type providing considerable flexion and extension but in 
a restricted plane. In digit I the deeply grooved distal facet of the first phalanx 
and the curved, ridged facet of the claw are nearly symmetrical; consequently, 
there was negligible rotation of the claw during flexion. In digit II, however, 
the distal facet of the penultimate phalanx is slightly asymmetrical. It also is 
inclined slightly with respect to the ridge on the proximal facet. Accordingly, 
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the second ungual must have rotated inward (supination) when flexed against 
the penultimate phalanx. 

The unguals are strongly curved and stout, but compressed laterally. The 
sides are each marked by a deep groove extending from the base of the articular 
facet to the extremity. The articular facet is strongly ridged and very clearly 
delineated from adjacent surfaces. A very large, rugose, flexor tubercle projects 
ventrally well below the inferior border of the articular facet, indicating the 
presence of powerful flexor muscles with good leverage. The unguals apparently 
could be flexed as much as 70° on the adjacent phalanx in both the first and 
second digits, as shown by the backward extension of the trochlea onto the under- 
side of the penultimate phalanx. 


FIG. 63. The digits of the left manus of Deinonychus antirrhopus (YPM 5206) in medial aspect, 
with proximal and distal outlines. 


The third digit is much more slender and delicate appearing than the 
other digits. It is normal in that it consists of two very short proximal phalanges 
and a long distal phalanx and ungual. Articular facets are well-developed and 
highly finished and the collateral ligament fossae are prominent, although not as 
deep as in the other two digits. The unusual feature in digit III is the form of 
the interphalangeal articulations. 
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The proximal facet of the first phalanx is sub-triangular and moderately con- 
cave. No ridge or keel is apparent. This permitted transverse displacement, as 
well as flexion and extension, against the broadly rounded distal facet of the 
third metacarpal. The distal articular facets of the proximal and second phalan- 
ges are not simple ginglymoid surfaces. Rather than permitting a simple hinge- 
like motion between the first, second and third phalanges, these two joints appear 
to have been restricted or limited joints. The distal facet of the first phalanx is 
strongly asymmetrical with a small, nearly circular (in side view) medial condyle 
and a much larger square lateral condyle separated by a vertical groove. The con- 
dyles extend far back on the ventral surface, but not on the dorsal surface. The 
proximal surface of the next phalanx consists of a large, rounded, medial ridge 
which fits into the vertical groove, and a triangular lateral flange which overlaps 
the outer surface of the lateral condyle. These are separated by a slightly curved, 
deep socket into which fits the ventrodistal part of the lateral condyle. The dorsal 
and ventral extensions of the medial ridge project proximally, overlapping the 
dorsal and ventral portions of the facet of the preceding phalanx to the extent 
that almost no flexion or extension is possible. In articulation the second phalanx 
appears to have been fixed in a slightly flexed position (approximately 15°). 

The joint between the second and third phalanges is almost exactly the same. 
The chief differences are that the medial condyle of the second is triangular and 
the larger lateral condyle more distinctly rectangular. The former fits into a 
triangular depression on the inside of the inner ridge of the third phalanx and 
the latter is overlapped laterally by a short flange. Again, there appears to have 
been very little mobility at this joint, the third phalanx being fixed in a slightly 
flexed position. 

The joint between the ungual and the third phalanx is of the normal gingly- 
moid type providing the usual hinge-like motion through an arc of 60° or more. 
It is not clear why the third digit is constructed in this manner, but an obvious 
result is that three relatively short phalanges are fixed into a single, more or less 
inflexible segment—which in effect became the penultimate segment. The length 
of this compound “phalanx” is more nearly comparable to the lengths of the 
other penultimate phalanges, and the joints at which flexion can take place is 
now reduced to two—the same number as the corresponding digit (I) on the 
inner side of the hand. I cannot explain this condition nor am I aware of a 
comparable adaptation in any other animal. I suspect, however, that it is related 
to the functional significance of elongation of the penultimate phalanx in the 
digits of the manus. I presume such elongation is related to flexion of the un- 
guals, perhaps providing greater leverage, and to the precise way in which the 
claws are used. Elongated distal phalanges appear to be characteristic of all 
theropods (Chirostenotes may be an exception) but they are most evident in 
Oviraptor, Ornithomimus and Deinonychus. 

Of special interest in this regard is the fact that elongated penultimate pha- 
langes are characteristic of the pes in some birds of prey. It is not characteristic 
of ground or aquatic birds, however, or even of most perching birds; nor is it 
true of the pes or manus in most tetrapods. Among the predatory birds featuring 
this trait, there appears to be a correlation between claw form and phalanx 
length. Where the claws are highly curved and trenchant or very sharp, there 
often is a lengthened penultimate phalanx. Where the claws are less strongly 
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curved, the penultimate phalanx is usually not the longest element. The most 
striking examples of the former is the osprey or fish hawk (Pandion haliaetus), 
well known for its skill in catching and holding fish. Other, less spectacular, 
examples are the red-shouldered hawk (Buteo lineatus), the eagle owl (Bubo 
bubo) and the barred owl (Strix varia). 


FUNCTIONAL SIGNIFICANCE OF THE MANUS 


The manus of Deinonychus was a highly perfected and powerful grasping struc- 
ture quite unlike that of any other adequately known theropod. The most im- 
portant features confirming this conclusion are the long and stout first and sec- 
ond digits with their large, trenchant and strongly recurved claws, the slender, 
abductable third digit with its unique restrictive joints, the very large flexor 
tubercles on all unguals, the highly perfected carpus that provided extensive and 
precise adduction and supination of the hand, the unusual length of all fore 
limb components and the great size of the deltopectoral crest and internal tuber- 
osity. By way of contrast, the manus of Ornithomimus, which was described by 
Osborn (1917) as a prehensile or grasping hand, has subequal digits bearing 
rather straight, non-trenchant claws with relatively small flexor tubercles (Fig. 
77e) and the wrist is unmodified and apparently relatively inflexible. The fore 
limb is not unusually elongated and the deltopectoral crest is surprisingly small. 
The manus of Ornithomimus was considered a grasping structure by Osborn 
primarily because of the nearly equal lengths of the three digits and the pre- 
sumed opposability of digit I. The manus of Ornitholestes, which Osborn (1917) 
described as “subraptorial’” and too feeble and reduced for “raptorial grasping,” 
has long, unequal digits with large, recurved and trenchant claws with large 
flexor tubercles (Fig. 77). The carpus is not known, but the forelimb is quite 
long and the deltopectoral crest is relatively large. 

Brown (p. 757), Osborn (p. 757) and Gregory (p. 758) (in Osborn, 1917) ap- 
parently agreed that the first digit could rotate on its metacarpal in Struthiomi- 
mus (= Ornithomimus), thus permitting opposition of digit I to digits II and III. 
It is true that this joint is not a distinct ginglymus, but I suggest that any rota- 
tion of the proximal phalanx about its long axis against the metacarpal was 
slight. Distinct collateral ligament fossae are present on both sides of the distal 
facet of the metacarpal. The existence of collateral ligaments at this joint would 
have severely restricted, if not prevented, rotation of the digit. Furthermore, 
there is no evidence on the phalanx of the attachment of a rotator muscle that 
had sufficient leverage to produce any meaningful rotation. The first digit was 
divergent in Ornithomimus, as it was in Ornitholestes, Deinonychus and most 
other theropods, thus it must have converged upon the other digits during flex- 
ion, but it appears not to have been opposable in the usual sense. ‘The only 
unusual feature of the first digit is the length of the metacarpal, which is almost 
equal to metacarpals Hf and III. Consequently, the proximal joints of all three 
digits are situated close together, equidistant from the wrist, instead of widely 
spaced as in Ornitholestes, Deinonychus and other theropods. In fact, this is a 
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unique condition among theropods that would seem to have reduced the maxi- 
mum amount of digital divergence or splay and thus reduced the grasping power. 
The three digits appear to have functioned more as a unit than as three separate 
elements. 

The unguals of Ornithomimus are not as strongly curved as in Ornitholestes 
or Deinonychus (Fig. 77). Osborn (1917: p.751) described them as “extremely 
long, slender, and slightly recurved, with strong attachments for the flexor per- 
forans, less recurved, claw-like or raptorial than those of Ornitholestes.” More- 
over, they are broad and nearly flat on the under side and not narrow and 
trenchant as in a truly raptorial or grasping claw. Gregory (in Osborn, 1917: p. 
758) noted that the wrist joint of Struthiomimus (= Ornithomimus) “was very stiff, 
capable of very little extension.” The carpus consists of five unspecialized ossicles 
with no clearly defined facets. It would seem that if prehension was an important 
function of the manus, selection would have increased carpal mobility and this 
would be reflected in distinct carpal facets. The carpus of Ornitholestes is un- 
known, but those of Allosawrus and Ceratosaurus are similarly unmodified and 
presumably were also relatively inflexible. The apparent absence of significant 
carpal adduction or supination in Ornithomimus, both of which would seem to 
be essential for effective grasping with both hands, indicates that all adduction 
and supination of the hands must have been achieved by adduction and long 
axis rotation of the humerus. However, it has already been pointed out that the 
very reduced size of the deltopectoral crest and the internal tuberosity in Orni- 
thomimus (Fig. 57) indicate that only slight and weakly powered rotational 
movements were possible for the humerus. The small deltopectoral crest also 
indicates that even forelimb adduction and retraction were feebly powered mo- 
tions. Other theropods (Ornitholestes, Coelurus, Allosaurus, Coelophysis) have 
relatively large deltopectoral crests, indicating powerful adduction and retraction, 
and possibly pronation, but the small size of the internal tuberosity suggests only 
modest power for supination of the fore limb. In summary, the only obvious 
conclusion is that Deinonychus was much more highly adapted than other thero- 
pods (with the possible exception of Ornitholestes) for powerful grasping with 
the hands. 

Consideration of the function of the manus in Deinonychus would be in- 
complete without some comment on the extraordinary length of both the fore 
limb and the manus. The unusual dimensions of these elements are perhaps 
best illustrated by comparison of total forelimb length with that of several 
other skeletal dimensions, such as skull length, hind limb length and length 
of the presacral vertebral column, in Deinonychus* and several other theropods. 
Such comparisons are given in the following ratios. 


4 All three of these dimensions are estimated for Deinonychus. The skull length is estimated 
at 32 cm on the basis of the two Yale skulls. The presacral length was derived from the 
nearly complete vertebral series of AMNH 3015 and an assumed presacral count of 23. The hind 
limb length, the most doubtful of these three dimensions, assumes equal lengths for the tibia 
and the unknown femur. This last assumption is warranted in view of femur-tibia ratios in 
other theropods, but even if it is in error by as much as 25% (femur length was as short as 
0.75 or as long as 1.25 of tibia length—a margin of error greater than the total range of 
femur/tibia ratios known among all theropods), the resultant ratio of fore limb to hind would 
still be larger than in any other presently known theropod except Ornitholestes. 
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Fore limb Fore limb Fore limb 
Skull Hind limb Presacral column 

Allosaurus fragilis 1.58 0.42 0.46 
Coelophysis longicollis 133 0.42 0.31 
Tyrannosaurus rex 0.83 0.204 0.254 
Deinonychus antirrhopus 2.22 0.70 0.85 
Ornitholestes hermannt Diese 0.66 0.60 
Ornithomimus altus 3),5/ 0.51 0.52 


The use of three different ratios minimizes possible errors of interpretation 
that might result from an unusual dimension of a single comparative feature. 
For example: the large ratio of fore limb to skull length in Ornithomimus 
reflects the reduced size of the skull and not an excessive length of the fore 
limb. This is verified by the moderate ratios of fore limb to hind limb and fore 
limb to presacral vertebral length. On the other hand, the consistently low 
ratios for Tyrannosaurus reflect the greatly reduced length of the fore limb. 

From these ratios it is evident that the fore limb of Deinonychus is much 
longer relative to other body proportions than is true of the other theropods 
listed, or of any other theropod that I am aware of. The differences are most 
obvious in the second and third ratios, but even the ratio of fore limb to 
skull length is surprisingly large considering the relatively large size of the skull 
in Deinonychus. If the skull of Deinonychus had been of more ordinary pro- 
portions (comparable to Allosaurus, for example) this particular ratio would 
have been well over 3.00. Of particular interest is the fact that among the five 
species listed, the Ornitholestes ratios are closer to those of Deinonychus than 
are any of the other ratios. 

A significant feature of the fore limb of Deinonychus is that the manus 
accounts for nearly half of the total length and the three phalanges of the 
second digit together are longer than the radius and almost as long as the 
humerus. Such elongation of all fore limb components greatly increased fore 
limb reach and in view of the trenchant and strongly recurved form of the 
unguals this extended reach seems best related to predation. However, since 
most, if not all, theropods were predators, predatory habits alone cannot ac- 
count for unusual fore limb length in Deinonychus. Also, the condition in 
“carnosaurs’ commonly is just the reverse, with many species featuring greatly 
reduced fore limbs. I am inclined to relate fore limb length in Deinonychus 
to the unusual claw (discussed in the following section) on the second pedal 
digit. If this claw was used to kill prey held by the hands, the prey quite 
obviously could not have been held close to the body. The foot claw could 
only have been applied to objects held at arm’s length. Moreover, it seems quite 
probable that on some occasions the fore limbs and hands were essential to 
effective use of the sickle-like foot claw, immobilizing the prey and bracing it 
against the retractive power stroke of the hind leg. 
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APPENDICULAR SKELETON: PELVIS AND HIND LIMB 


PELVIS 


The pelvis of Deinonychus is presumed to have consisted of the usual elements. 
Both ischia and the left ilium are preserved in AMNH 3015. A right ischium 
(YPM 5235) was also collected at the Yale site. The pubis, however, is a 
doubtful element. A very strange bone, quite unlike any bone I am familiar with, 
was found at the Yale site not far from the above ischium. It is my opinion that 
this bone is a right pubis and it is described as such below, but it must be 
recorded here that this identification is not proven. I have no doubts, but I 
must admit that colleagues who have examined this element have not always 
been as certain as I am. 


ILIUM 


The only ilium available (Fig. 64) is fragmentary and poorly preserved, 
so its precise shape and other details of its morphology are still unknown. It 
appears that the ilium was almost triangular, with a relatively short posterior 
blade and a very abbreviated anterior blade. Compared with that of Allosau- 
rus the ilium is much shorter and the posterior blade is more rectangular and 
does not taper as sharply. The nearly intact dorsal margin is straight over most 
of its length, but curves downward caudally to terminate the posterior blade. 
The margin is not transversely expanded except near the caudal extremity. The 
anterior margin is unknown, but the thin construction of what remains of the 
anterior blade indicates this feature may not have reached much beyond the pubic 
peduncle. A thin ventral flange flares out laterally from the base of the pubic 
peduncle and the ventral corner of the anterior blade, somewhat like that of 
Gorgosaurus and Tyrannosaurus, but its extent cannot be determined. The 
lateral surface of the ilium appears to have been smooth and broadly concave; 
no muscle scars can be recognized. The inner surface bears faint striations in its 
upper part, probably reflecting muscle attachments (M. longissimus dorsi and M. 
ilio-costalis). There appears to have been a medially projecting longitudinal 
ridge which extended along the inner surface to the posterior extremity from 
above the acetabulum, but its precise shape and length is not known. The 
inferior part of the medial surface is irregular and marked by three (perhaps 
four) rugose patches that are believed to mark the attachment sites of sacral 
ribs. 

The pubic peduncle is quite massive and sub-rectangular in section. It 
projects ventrally, rather than anteroventrally, and forms the anterior margin 
of the acetabulum. The ischial peduncle is much shorter but broader, and forms 
only the upper part of the posterior margin of the acetabulum. The acetabular 
margins are massive and strongly buttressed, providing a stout socket for the 
head of the femur. 
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FIG. 64. Left ilium (reversed) of Deinonychus antirrhopus (AMNH 3015) in lateral view. Abbre- 
viations: act—acetabulum; is—ischiac peduncle; pu—pubic peduncle. 


ISCHIUM 


This bone (Fig. 65A) resembles the ischium of Gorgosaurus, and to a lesser 
extent, Tyrannosaurus, in that it has a prominent forward-projecting triangular 
flange (obturator process) near mid-length of the shaft and the shaft extremity 
is not expanded or club-shaped. It differs from both in that the obturator 
process is relatively much larger in Deinonychus and more distally placed on 
the shaft. Also the shaft is straighter, although it does curve slightly caudad. 
Most distinctive is the size of the ischium, being much shorter relatively than 
in any other theropod. Generally, the ischium length is 70 to 80 percent of 
tibia length (= 65-75% of femur length), but in the present instance it is only 
about 50 percent of tibia length. The possible significance of this is discussed 
below. 

The shaft has subparallel anterior and posterior margins, is flat internally 
and broadly rounded externally. The proximal end is greatly expanded longi- 
tudinally and transversely into a posterior articulation for contact with the 
ischiac peduncle of the ilium and an anterior expansion for union with the 
pubis. These articular expansions are separated by a thin, concave margin 
which formed the posteroventral boundary of the acetabulum. The surfaces 
of both the iliac and the pubic articular expansions are deeply pitted and grooved 
and very irregular, indicating firm digitate sutural unions with these two bones. 

Distally, the anterior margin of the shaft flares out forward just proximal 
to mid-length into the large, triangular obturator process. This structure pro- 
vided extensive area for a fleshy origin of femoral adductors (M. adductor 
femoris and a posterior part [3] of M. pubo-ischio-femoralis externus of Romer 
[1923b] or the M. ischio-femoralis and M. pubo-ischio-femoralis external of 
Gregory and Camp [1918]). Unlike other theropods this obturator flange lies 
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TABLE 9. Measurements (in millimeters) of the pelvis of Deinonychus antirrhopus 


AMNH 3015 YPM 5235 YPM 5236 
Left Right Right Right 
ILIUM 
Length 245 .0* — — = 
Length anterior to acetabulum 100.0* = — — 
Length posterior to acetabulum 80.0* — — — 
Height above acetabulum 72.0 — — — 
ISCHIUM 
Length (proximo-distal) 161) 0* 158.0 161.0 — 
Width across peduncles 66.1 66.0 63.0 — 
Width across obturator process — — 45.8 = 
Obturator process apex to iliac 
penduncle 12720 128.0 116.0 — 
Maximum shaft thickness 10.9 9.1 1S — 
PUBIS 
Length (proximo-distal) — — — 11625 
Length (antero-posterior) = — — 99.0 
Height (vertical) — as a 97.0* 


* = approximate. 

largely in the distal half of the ischial shaft. There is no evidence of an obturator 
notch. ‘The distal margin of the obturator process is slightly expanded trans- 
versely and is finely rugose, indicating that the ischia were united in mid-line 
along this margin. 

The distal extremity of the ischium tapers abruptly and curves slightly 
backward. There is no evidence of a longitudinal terminal expansion of the 
ischium as in Allosaurus, Ceratosaurus, Acrocanthosaurus? and Ornithomimus. 
The ventral margin of the extremity is well scored by longitudinal grooves and 
ridges, possibly the origin scars of ventral caudal muscles (M. ischio-caudalis). 


PUBIS 


As noted above the bone described here (YPM 5236; Fig. 65B) is so unlike 
the pubis of any archosaur known to me that its identification as such must be 
provisional. In contrast to the general archosaurian pubis, this element is very 
short, but greatly expanded longitudinally. There is no shaft whatsoever, simply 
a broad plate of bone which is roughly triangular in shape. 

Proximally, a very stout rugose expansion is directed upward. This is by 
far the most massive part of the entire bone. It corresponds roughly in size, 
shape and topography to the pubic peduncle of the ilium (AMNH 3015) and 
in texture it matches exactly the surfaces of the ischial articular contacts, A 
thin plate of bone extends anteriorly from this “iliac peduncle,” but its upper 
margin is incomplete. Although this lamina is very thin, presumably it thickened 
dorsally and terminated in an expanded contact with the ilium. Its upper margin 
probably formed a short, thin-walled, inferior boundary of the acetabulum. 

From the presumed ischiac articulation a very stout column extends down- 
ward to a prominent “corner,” from which point it extends ventromedially. 
This sharp projection is appropriately situated to have been the origin site 
of an upper part (pars 2 of Romer, 1925b) of the M. pubo-ischio-femoralis 
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FIG. 65. (A) right ischium (YPM 5235) and (B), right pubis (?) (YPM 5236) of Deinonychus 
antirrhopus, both in lateral view. Abbreviations: af—probable area of origin of the M. adductor 
femoris; il—iliac articulation; ob—obturator foramen; op—obturator process; pi2—probable 
origin area of the M. pubo-ischio-femoralis externus, pars 2; pi3—probable origin area of part 
3 of the M. pubo-ischio-femoralis externus. 


externus. It seems unlikely that the M. ambiens attached at this point but 
this must be considered as another possibility. A broad, thin plate of bone, deeply 
concave medially, extends from this “corner” down and forward. The posterior 
margin is stout and triangular in section, but the anterior margin is very thin. 
The inferior margin is slightly expanded, rounded and faintly rugose in texture. 
Any contact along this latter margin with the opposite pubis must have been 
cartilaginous or ligamentous. 

A moderate-sized oval foramen is situated just beneath and anterior to the 
“ischiac peduncle,” passing up and inward. A distinct channel extends from the 
foramen upward across the inner surface to the posterior margin of the “ischiac 
articulation.” This would appear to be the obturator foramen, although among 
theropods this feature apparently exists only in Ceratosaurus nasicornis (USNM 
4735 and some primitive Triassic forms such as Ornithosuchus. 

My identification of this element as a right pubis is based on the following: 


a) The correspondence of its articular expansion to the pubic peduncle of the 
ischium. 

b) A foramen which corresponds perfectly in location and orientation to an 
obturator foramen. 

c) The size is appropriate. 

d) Although primitive, the shape is not unreasonable. 

e) It seemingly cannot be equated with any other bone in either theropod or 
ornithopod (the only two kinds of vertebrates represented in the Yale 


quarry). 


If this identification is correct, the pubis of Deinonychus must be considered 
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as primitive in shape. However, it seems unlikely that the pubis would retain 
such primitive character when so many other anatomical features must be 
considered as advanced. A more likely explanation is that the peculiar form 
of the pubis is not a relict condition, but a newly acquired feature, perhaps 
correlated with the highly specialized and extraordinary adaptation of the 
feet for predatory activities. It is significant that the pubis of Sawrornithoides 
(which possessed a specialized pes similar to that in Deinonychus) appears to 
have been similarly expanded, but short. It is incompletely preserved, however, 
so its precise shape is not known. 

Aside from the ventral abdominal muscles, the principal muscles attaching 
to the pubis, and to the obturator process of the ischium, are femoral ad- 
ductors, specifically, the several parts of the M. pubo-ischio-femoralis externus 
(see Romer: 1923a and b). While these fibers may have contributed to the 
recovery stroke of the femur, their principal function was one of adduction— 
pulling the femur toward the sagittal plane, or to a more vertical position. 
Gregory (1918) considers these muscles as adductors and homologizes them 
with the M. obturator externus of mammals, which is an important adductor 
of the leg in man (Gregory, 1918: p. 533). It is unfortunate that the femur 
of Deinonychus is not known, but we can presume that these adductors in- 
serted at points on the proximal third of the femur as in crocodilians and as 
reconstructed by Romer (1923b) for Tyrannosaurus. The expanded pubic plate 
of Deinonychus is thus probably related to expansion of the adductor muscles 
originating on the pubis. The unusually short pubic length may correlate with 
this. A consequence of shortening the pubis is to elevate the origin sites of the 
femoral adductors to bring these more nearly level with the insertions on the 
femur. Thus the adductors, although shortened, would be more nearly horizontal 
in orientation and more nearly perpendicular to the femur shaft. If there was 
no concurrent shift in adductor insertion sites, this shift of the origin level 
closer to the acetabulum must have increased the leverage of the hind limb 
adductor musculature, but the shortened fiber length would have reduced the 
amount of femur excursion possible (although perhaps not significantly, since 
these inserted close to the fulcrum). This may also be the explanation of the 
relatively short ischium, on which were attached the M. adductor femoris and 
part of the M. pubo-ischio femoralis externus. 

What might account for enlargement and increased leverage of femoral ad- 
ductors in Deinonychus? Maintenance of the femur in a nearly vertical plane 
close to the sagittal plane must have been important in all theropods, so why 
the distinctive condition here? 

An important difference between Deinonychus and other theropods is in 
the foot. In other theropods the pes was clearly adapted primarily for locomo- 
tion, and any offensive or defensive adaptations were secondary. In Deinony- 
chus, as is described in the following pages, the foot includes a highly specialized 
offensive or predatory instrument. It should be quite obvious that this device 
could not be used unless the animal stood on one leg. It is also obvious that 
the use of this structure necessitated significant agility and perhaps even violent 
activity while standing on that one limb. Under these conditions, powerful 
and effective limb adductors and abductors are essential to retain stable posture. 

If femoral adductors were important for bipedal stability in Deinonychus, 
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we should also expect to find evidence of enlarged femoral abductors. The 
abductor is just as critical to stable posture when support is even momentarily 
maintained by only one limb, because the supporting limb is fixed on the 
ground and cannot be moved. The body above the limb is moved toward or 
away from the plane of the femur by the femoral adductors and abductors. 
Balance is maintained by the constant interaction of these opposing muscles, 
keeping the center of gravity above or nearly above the supporting limb. While 
there are indications of some changes in the femoral adductors in the shorter 
ischia and pubes and the expansion of the latter, there are no clear evidences 
of modification of the hind limb abductors, the M. ilio femoralis and ilio 
tibialis. But it should be noted that all theropods have greatly expanded ilia, 
presumably for enlargement of the ilio-femoralis and tibialis. 


HInp LIMB AND Foot 


The femur, unfortunately, is not known, but the remainder of the hind 
limb and foot is known from numerous, exceptionally well-preserved elements 
from the Yale site and in AMNH 3015. Without the femur nothing definite 
can be said about hind limb proportions or femoral dimensions. However, it 
is probably safe to say that the femur was at least as long and probably a little 
longer than the tibia, as it is in all theropods except Ornithomimus and Comp- 
sognathus. ‘The fact that the metatarsals in Deinonychus are not especially 
long (less than 50% of the tibia length compared with nearly 70% in Ornitho- 
mimus and Compsognathus) suggests that the epipodials probably were not 
elongated relative to the femur. Hence the hind limb appears not to have been 
elongated for extraordinarily fast running as in Ornithomimus and cursorial 
birds like the ostrich. Accordingly, we can presume that the femur was relatively 
long. 


TIBIA 


The tibia (Figs. 66 and 67) is known only from the right limk of AMNH 
3015. The bone is nearly complete and was preserved articulated with a frag- 
mentary fibula and the astragalus and calcaneum. It is presumed that the tibia 
is shorter than the femur, as in most other theropods. It is expanded at both 
ends, anteroposteriorly at the proximal end and transversely at the distal end. 
The proximal end is roughly triangular, with the narrow angle projecting 
forward. This anterior projection is the proximal termination of a short but 
stout crest (cnemial crest) that diminishes abruptly over approximately one 
fifth the tibia length. Posteriorly, the proximal articular surface is separated by 
a posterior notch into two subequal medial and lateral expansions for articulation 
with the two distal condyles of the femur. 

The shaft is stout, but not as massive as in Allosaurus, straight, and oval to 
sub-triangular in section. Like the other limb elements, it is hollow at least at 
mid-shaft. Except that the proximal end is more robust, in general proportions 
it compares most closely with the tibia of Ornithomimus and is much less robust 
than in “carnosaurs.” 
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FIG. 66. Right tibia and fibula (AMNH 3015) of Deinonychus antirrhopus in anterior (A) and 
medial (B) views. Abbreviations: as—astragalus; ca—calcaneum; cn—cnemial crest; fi—fibula; 
ti—tibia. 
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FIG. 67. Right tibia and fibula (AMNH 3015) of Deinonychus antirrhopus in posterior (A) 
and lateral (B) views. Abbreviations: as—astragalus; ca—calcaneum; cn—cnemial crest; fi— 
fibula; ti—tibia. 
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TABLE 10. Measurements (in millimeters) of the hind limb of Deinonychus antirrhopus 


AMNH 3015 YPM 5226 
Right Left 
TIBIA 
Length 31:2'0 ~- 
Length with astragalus 324.0 = 
Distal width 63.3 — 
Proximal width 44.8 -- 
Least shaft diameter 18.0 ane 
Maximum proximal dimension 74.0 —_— 
FIBULA 
Length 297 .0* — 
Length with calcaneum 320.0* — 
Distal width 11.0 — 
Proximal width 16.0 — 
Least shaft diameter 6.2 = 
Maximum proximal dimension 48.4 — 
ASTRAGALUS 
Length (proximo-distal) 71.0 76.0* 
Maximum transverse width 59 .0* 59.0 
Maximum antero-posterior diameter 30.5 30.2 
Least antero-posterior diameter 19.0 DAS 
CALCANEUM 
Length (proximo-distal) IAS 30.0 
Transverse width 9.8 i163 il 
Maximum antero-posterior diameter 19.0 20.3 


* = approximate. 


The distal end is broad transversely (67 mm), but very narrow (17 mm) 
longitudinally. It cannot be viewed directly because it is largely concealed be- 
neath the astragalus and calcaneum, but judging by the form of the tibial 
articular surface on an isolated astragalus and calcaneum (YPM 5226), the 
distal extremity of the tibia appears to have been flat (except in its posterior 
part) and of narrow triangular shape, tapering externally. 


FIBULA 


This bone is extremely slender and much less robust than the tibia (Figs. 
66 and 67). The shaft apparently was straight, nearly circular in section and 
was appressed against the upper fourth and lower fourth of the tibia shaft. 
Distally, it also had extensive contact with the external edge of the astragalus 
ascending process, and a short narrow abutting contact with the external part 
of the proximal surface of the calcaneum. 

Proximally, the fibula is greatly expanded fore and aft into a long, narrow, 
rectangular head, which adjoins the external expansion of the tibia head. To- 
gether these two surfaces articulated against the lateral condyle of the femur. 
The combined proximal surfaces of the tibia-fibula provided a long, broad, flat 
platform which rocked over the presumably strongly convex condyles of the 
femur. 


TARSUS 


The tarsus is composed of four bony elements, as in most theropods. Proxi- 
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mally a very large astragalus, corresponding to the large end of the tibia, and a 
small, disc-like calcaneum are closely applied to the tibia and fibula. Only two 
distal tarsals, probably tarsals III and IV, are known, but these are represented 
by three separate pairs (YPM 5207 and AMNH 3015) and several isolated 
examples (YPM 5205, 5217, 5223 and 5229). No other elements have been 
found at any of the Deinonychus sites that could possibly represent an additional 
tarsal and the structure of the tarsus indicates that any additional elements that 
may have been present did not contribute importantly to the joint between 
the crus and the foot. The tarsus is not well known in most theropods, so it is 
not clear what the normal theropod condition may have been. Three distal 
tarsals are preserved in the type specimen of Gorgosaurus libratus (NMC 2120), 
two distal tarsals are present in Allosaurus fragilis (Gilmore, 1920: p. 71),5 but 
only one distal tarsal is preserved in the type of Ceratosaurus nasicornis 
(USNM 4735), (although tarsal IV was probably present, as Gilmore noted 
[1920: p. 110].) Ornithomimus (AMNH_ 5339) has two distal tarsals, as shown 
by Osborn (1917: fig. 11), although Romer (1956: fig. 191) shows three. As in 
other theropods, the tarsus of Deinonychus forms a rather simple, mesotarsal 
joint, a rolling, hinge-like joint between the proximal and distal tarsals. 


Astragalus 


The astragalus, functionally part of the crus, is situated as a cap-like addition 
to the distal end of the tibia. The American Museum specimen indicates that a 
firm union existed between these two bones, but the isolated astragalus and 
calcaneum in the Yale collection (YPM 5226; Fig. 68) demonstrates that they 
were not necessarily fused to the tibia, nor were astragalus and calcaneum 
fused. In general, the astragalus is remarkably similar to that of Ornithomimus 
(YPM 542) but larger and more perfectly rounded in its distal articular surface. 
It is quite unlike the astragalus of Allosaurus. 

The main body of the astragalus has the shape of an asymmetrical cylinder 
which is constricted at mid-length and unequally expanded at both ends (in 
anterior or distal view). The articular facets for the tibia occupy its upper 
posterior aspect. Cross sections taken at almost any point through the astragalus 
“cylinder” would show an almost perfectly circular section ranging from a little 
more than 155° to about 180° of arc. The anterior and posterior margins of this 
broad, rounded, articular surface are sharply defined by a distinct transverse 
ridge at the base of the ascending process and by the posterior limit of the 
astragalus. The latter feature, together with the apparent form (in AMNH 3015) 
of the inferior part of the posterior tibia surface immediately above the 
astragalus, strongly suggests that the tibia contributed to the posterior part of 
this articular facet. If so, the total arc of the proximal surface may have been as 
much as 270°, which would have permitted an unusual degree of extension and 
flexion. The distal surfaces of the American Museum tibia are not well pre- 
served, but a perpendicular to the apparent upper posterior limit of this surface 
trends caudally at about 30° below the horizontal when the tibia shaft is 


5 Gilmore referred this specimen (USNM 4734) to Antrodemus valens, but, as noted in 
Footnote 2, p. 16, I consider that species as indeterminate—a nomen dubium. This specimen 
was identified as Allosaurus fragilis by Marsh (1896). 
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oriented vertically. A similar perpendicular at the highest anterior point trends 
anteriorly at about 50° above the horizontal. ‘The encompassed arc approximates 
200°, the largest fraction of which (140°) faces forward and clearly must have 
provided for unusual extension of the foot. 


ta 4 ans 


FIG. 68. Left astragalus and calcaneum (reversed) of Deinonychus antirrhopus (YPM 5226) in 
posterior (A), anterior (B) and distal (C) views. Abbreviations: ca—calcaneum; fif—fibular 
facet; ta 3—articular surface for tarsal III; ta 4—articular surface for tarsal IV; tif—tibial 
facets. 


The internal expansion of the astragalus is considerably larger than the 
lateral expansion, but the latter is supplemented externally by the calcaneum. 
With the calcaneum in place, lateral and internal expansions of this joint 
surface are approximately equal, although not symmetrical. The constricted or 
narrow-waisted design of this articular surface is best likened to the ginglymoid 
or saddle-like distal surfaces of phalanges. It permitted a great deal of flexion 
and extension, but tended to restrict movement to a single plane. The opposing 
surface, constructed by tarsals III and IV, probably had the obverse form, al- 
though this cannot clearly be shown with the existing materials. We can con- 
clude that the tarsus permitted considerable hinge-like movement of the foot, 
but probably little, if any, transverse adduction or abduction. 
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The ascending astragalar process is quite long—a thin blade reaching more 
than 50 mm up the anterior surface of the tibia. It is triangular in outline, 
tapering upward, and surprisingly thin (2 mm or less at most points). Its 
posterior surface is nearly flat and quite smooth. Distally it meets a narrow 
wedge-shaped shelf at a near 90° angle. This is the surface of contact with the 
distal extremity of the tibia. The internal surface of the astragalus is semi- 
circular in outline, broadly convex, but with a shallow central concavity that is 
irregularly pitted. The counterpart of the latter is formed by the external surface 
of the calcaneum, and the two together are suggestive of the collateral ligament 
fossae of phalanges. 


Calcaneum 


This is a small, semicircular, button-like bone tightly appressed (if not 
coalesced) to the external end of the astragalus “‘cylinder” (Fig. 68). It com- 
pletes the outer end of the mesotarsal joint articulating against tarsal IV. A thin 
dorsal lip, situated lateral to the main mass of the calcaneum, butted against 
the distal end of the fibula, and a broad triangular posterior surface contacted 
the external anterior part of the tibia extremity. 

The external surface is roughly semicircular in outline and gently concave 
and has been likened above to the collateral ligament fossa of a phalanx. The 
calcaneum is preserved in its normal position against the astragalus in AMNH 
3015 and YPM 5226, but an isolated calcaneum (YPM 5225) found at the Yale 
site indicates that the coalescing of these elements may not be complete. The 
calcaneum is larger and broader (transversely) and more semicircular in shape 
than that of Ornithomimus (YPM 542), which is quadrangular. However, the 
latter has a larger, more robust facet for the fibula. The calcaneum of Allosaurus 
is much larger relatively, is triangular, and contributes less to the anterior part 
of the mesotarsal joint surface. 


Tarsal Til 


Of the five examples available of this bone, one was found in articulation 
with the right pes in AMNH 3015 and another was slightly displaced against 
the left pes in YPM 5205. These finds, together with the distal surfaces, clearly 
establish this bone as tarsal III, the medial element in the distal row of tarsals 
(Fig. 69A-C). Except for a rectangular notch at the anterior internal corner, 
tarsal III could be described as subrectangular in shape and strongly compressed. 
Maximum thickness is along the sharply convex posterior edge. Anteriorly, it 
wedges to a thin anterior edge. Passing from front to back, the proximal 
surface is increasingly convex, so in external or internal view it is wedge- 
shaped, tapering forward and becoming thicker and strongly rounded posteriorly. 
This curvature is the counterpart of the astragalus “cylinder.” Because of the 
shorter fore-aft internal dimension, tarsal III is more rounded internally than 
it is externally. The external edge is straight, but rugose, indicating sutural or 
ligamentous union with tarsal IV. 

Whereas the proximal surface is smooth and broadly rounded, the distal 
surface is gently concave and moderately rough. A fore-aft ridge divides it 
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FIG. 69. Distal tarsals of Deinonychus antirrhopus (YPM 5207). Both elements drawn in reverse 
from right tarsus. Tarsal III in proximal (A), distal (B) and medial (C) views. Tarsal IV in 
proximal (D), distal (E) and lateral (F) views. In all views, anterior is up and posterior is down. 
II, II, IV and V—articular facets for respective metatarsals. 


into a small, irregular, internal concavity (beneath the bulbous inner pro- 
jection) for contact with metatarsal II, and a larger, nearly rectangular surface 
for metatarsal III. The latter caps the posterior two thirds of the proximal 
surface of metatarsal III, but only the posterior third of metatarsal II proximal 
surface is so covered. Apparently both of these bones contributed to the in- 
ferior surface of the mesotarsal joint. 


Tarsal IV 


This bone (Fig. 69D-F) was found articulated in proper position in the 
right pes of AMNH 3015. It is similar to the preceding bone except that it is 
thinner, slightly less convex proximally, and less concave distally. The greatest 
convexity is along the posterior border, as in tarsal III. The external posterior 
corner is notched, marking the position of the fifth metatarsal. The internal 
edge corresponds to and articulates with the external edge of tarsal HI. There 
is no division of the distal surface, but as in tarsal III it is of moderately rough 
texture. It articulates only with metatarsal IV, although it may have had contact 
with metatarsal V. It caps all but the anterior edge of the metatarsal proximal 
surface. 

These two tarsals appear to have been tightly bound together, probably by 
ligaments, in a plane which passed between digits III and IV. They appear 
to have been firmly fixed on the proximal extremities of the three principal 
metatarsals and functioned as part of the pes (Fig. 70). The gently convex 
anterior half of their combined proximal surface, together with the concavity 
in front of this, formed by the anterior parts of the metatarsal proximal surfaces, 
probably functioned as the normal weight-bearing surface of the mesotarsal joint. 
The more strongly convex posterior surface permitted the final phases of flexion 
at the tarsus at the end of each stride. 
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Fic. 70. Outline of the distal tarsals (solid lines) in Deinonychus antirrhopus and their rela- 
tionships with the metatarsals (outlined by dotted lines). Abbreviations: ta 3—tarsal III; ta 4— 
tarsal IV; I, II, III, IV, V—the five metatarsals. 


PES 


The pes is basically tridactyl in structure, although a reduced hallux, as 
well as a remnant of metatarsal V, are present. However, the foot functioned 
as a didactyl structure in walking. Digit II is highly specialized for a non- 
locomotory, predatory function and quite probably did not contact the ground 
at all under normal circumstances (Fig. 71). The structural weight-bearing 
axis of the foot has been incompletely shifted from digit III to a position 
between III and IV. This is reflected in a number of features, but particularly 
in the equal lengths of digits III and IV (Fig. 73) and the distinctly shorter 
length of digit II, the trenchant form of the second ungual (Figs. 74 and 75) 
and the junction of tarsals III and IV coinciding with that of metatarsals 
III and IV (Fig. 70). 

The unusual structure of the pes is an important clue to understanding 
the habits and nature of this strange animal. It is also considered to be of 
unusual taxonomic significance, as is discussed in the section on the affinities of 
Deinonychus. 


Metatarsus 


As shown in Figs. 73-75, the metatarsus of Deinonychus consists of six bones, 
three large, stout elements (II, HII and IV), a long splint-like fifth, and a 
divided first. All are represented in the Yale collections and all but the first 
are present in the American Museum specimen. With the exception of the bone 
here interpreted as the proximal end of metatarsal I, all were found articulated, 
either in YPM 5205 or in AMNH 3015. The metatarsus is of normal theropod 
design, but is unusually short, measuring less than 50 percent of tibia length. 

The first digit has been reduced and directed back and inward. The meta- 
tarsal is divided into distal and proximal halves (Fig. 72); the intervening 
part of the shaft failed to ossify and was probably cartilaginous. The distal 
portion consists of a slightly curved bone, oval in section distally, but flattened 
and tapered proximally. The flattened upper end fitted against a small de- 
pression on the posteromedial surface of the shaft of metatarsal II, slightly 
above mid-length. From this attachment, it curves down and posteromedially. 
The distal end is expanded into a triangular head with a deep bisecting 
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Fic. 71. Left pes of Deinonychus antirrhopus, YPM 5205, holotype. 


eroove—an incipient ginglymoid facet. The groove is oriented at about 45° 
to the fore-aft plane of the pes, indicating that in the flexed position the first 
digit reached forward and inward, whereas in the extended state it reached 
back and outward to a position behind the principal metatarsals. A deep 
oval fossa is present on the outside at the distal end next to metatarsal II, 
indicating the existence of a very strong collateral ligament on the external 
side of the joint with the first phalanx. The absence of a comparable internal 
collateral ligament probably is correlated with the position of this joint— 
alongside the medial surface of the second metatarsal near its mid-length. At 
this location, there is little possibility of dislocating the proximal phalanx 
outward against metatarsal II, hence little need for a strong internal collateral 
ligament. The opposite dislocation (inward away from metatarsal II) would 
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FIG. 72. Metatarsal I of Deinonychus antirrhopus. A) B) probable proximal half of the first 
metatarsal (YPM 5240) in lateral and posterior views; C) and D) the distal half of metatarsal 
I (YPM 5217) in lateral and posterior views. Abbreviations: Il—articular contact with metatarsal 
II; 11?—possible scar of articular contact with metatarsal II. 


have been more probable, however, and thus required a resisting external 
ligament. 

A single example (YPM 5240) is available of what I consider to be the 
proximal end of the first metatarsal (Fig. 72A and B). This bone was found 
associated with elements of left and right feet and a right manus, but was not 
in articulation. Its identity must remain in doubt, but it resembles very closely 
the proximal end of metatarsal I in Allosawrus as shown by Osborn (1899: 
Fig. 4a). It is approximately the right size, but is more robust than I would 
have expected for this element. 

Like the distal half, this bone is curved slightly, and the proximal end is 
expanded into an oval, convex, articular surface. The upper part of the shaft is 
oval in section, striated internally and rugose externally. The latter may mark 
the site of ligaments which joined this to the upper posterior part of the second 
metatarsal. Except for this latter feature, there is no scar, facet, or other in- 
dication of direct contact with metatarsal II. 

The bone tapers distally, but retains its oval cross section, and terminates 
quite abruptly in an oblique, convex surface that is slightly rough in texture, 
perhaps indicative of a cartilaginous extension to the distal half described 
above. 

Metatarsals II, III and IV are long and rather stout (Figs. 73 and 75). 
The third is the longest, although it is only a little longer than IV, and is 
straight shafted. Both metatarsals If and IV curve away from the median 
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metatarsal distally. Proximally, the three elements are tightly appressed together, 
as shown by large flat appositional facets on all three. As a consequence of the 
close apposition of the metatarsals, III is moderately compressed transversely 
at its upper end, although not wedge-shaped as in Ornithomimus. The proximal 
end is still stout and contributes significantly to the tarsal-metatarsal joint. 
Whereas II and IV have near uniform shafts throughout their length, III is 
stouter in its distal half, as a result of transverse compression proximally be- 
tween the adjacent metatarsals. ‘The shafts of II and IV are oval in section, 
that of III is rectangular. 

Proximally the ends of all three main metatarsals are expanded into large, 
flat to slightly concave, articular surfaces. That of IV is the largest in area and 
the only one to show significant concavity. It is nearly square in outline. The 
proximal surface of III is a slightly convex, narrow, fore-aft rectangle. That 


TABLE 11. Measurements (in millimeters) of the pes of Deinonychus antirrhopus 


YPM YPM YPM 
AMNH 3015 5205 5207 wily 
Left Right Left Right Left 
TARSAL III 
Length (proximo-distal) — OP 16 USS 7.8 
Transverse width 25.0 2720 32.0 Sai 24.7 
Antero-posterior width 24.0 2205 24.9 23.8 18.7 
YPM 
5223 
Left 
TARSAL IV 
Length (proximo-distal) 8.0 7.9 — 8.6 6.0 
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Antero-posterior width 20.0 18.2 — 23a 17.0 
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5240 S2 a7 
Left Right 
METATARSAL I 
Length (proximal half) — —_ 45.5 = = 
Proximal transverse width _- — 22-0 = _ 
Length (distal half) — —_ 40.0 39.1 — 
Distal transverse width a _ 14.6 A552, _ 
YPM 
5205 
Left 
METATARSAL II 
Length —- 129.0 134.0 = = 
Distal transverse width 21.4 21.4 Dit — = 
Proximal transverse width Ziel 20R5 18.6 — a= 
METATARSAL III 
Length — 15 1050% 15080= ) 15085 _— 
Distal transverse width 24.1 24.0 24.3 22.4 _ 


Proximal transverse width 15.0 1S el == 15e1 _ 
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TABLE 11. (continued) 


METATARSAL IV 


Length 134.0 134.0* 141.0 
Distal transverse width 2A 25:35 21.0 
Proximal transverse width 25.3 28.5 28.0 
YPM 
5217 
Left 
METATARSAL V 
Length — >34.0 53). 3. 
Distal transverse width — + 56 
Proximal transverse width a 11.0 10.8 
YPM 
5205 
Left 
PHALANGES 
I? Length — ~- 32.9 
Distal transverse 
width — — 11.8 
Proximal transverse 
width -— — 16.2 
I? Length along outer 
curve = -= >47.0 
Facet height a 20.8* 
Proximal transverse 
width S25 — 9.5 
II! Length — Sih 43.5 
Distal transverse 
width 19.6 19.8 19.5 
Proximal transverse 
width —- 25\.2 23.0 
II? Length 41.0 42.2 49.6 
Distal transverse 
width 12S 1324: 14.0 
Proximal transverse 
width Ih iba tl 19.0 
II? Length along outer 
curve — >85.0 12220 
Facet height Dies Dil 35,07 
Proximal transverse 
width Ay 11.9 12.4 
III! Length 52.0 52.5 5OR5 
Distal transverse 
width 19.0 19.5 20.0 


Proximal transverse 
width 24.4 23.6 26.7 
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TABLE 11. (continued) 
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FIG. 73. Left pes of Deinonychus antirrhopus (YPM 5205) in dorsal (anterior) aspect. The 
proximal end of the metatarsus is outlined at upper left. 


of II is semicircular in outline and nearly planar. All three surfaces are finely 
textured and lack the smooth, “highly finished” surfaces characteristic of the 
more distal articular facets of the foot. 

The distal ends of all three metatarsals are well-formed and distinctive. 
That of II is unusual in that it is a deeply grooved, strongly asymmetrical 
ginglymus, the medial condyle of which is much smaller than the lateral. 
Both condyles extend well onto the ventral (posterior) surface of the shaft, 
indicative of considerable freedom of flexion. A large, deep, external, collateral 
ligament fossa is present, but the medial fossa is represented only by a faint 
depression. A plausible explanation for this parallels that suggested for the 
similar condition of the first metatarsal. A large lateral ligament here would 
resist displacement of the digit away (inward) from the median (III) digit. 
(Metatarsal III has subequal collateral fossae and IV has one internally, or 
next to III, but not externally). 

Metatarsal III also has a deeply grooved distal articular surface but in this 
instance it forms a nearly symmetrical ginglymus. The collateral ligament 
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fossae are subequal. Metatarsal IV, however, has a broadly rounded (trans- 
versely and longitudinally) distal articular facet, quite unlike the extremities 
of II and ITI, without the slightest suggestion of a fore-aft groove. 

Aside from their somewhat shorter relative lengths, the metatarsals appear 
to be of normal theropod construction, and in the absence of phalanges certain 
peculiarities in their morphology might not be noticed. First of all, the deeply 
grooved distal facet of metatarsal II is extraordinary. Excluding the few excep- 
tions that I have noted in a following section, this condition is not known in 
any other theropod. Its development is a critical factor in the remarkable 
specialization of the second digit. Second, metatarsals II and IV are not 
subequal in length, the usual condition in most theropods, but instead meta- 
tarsal IV is nearly as long as III. Third, the metatarsus displays other evidence 
that the structural axis of the foot passed between metatarsals HII and IV, rather 
than along III as in most theropods. ‘The evidence is: the disparity in the sizes 
of the appositional scars on either side of metatarsal III, a very large and long 
scar for metatarsal II, but a very short and small scar for metatarsal IV; and the 
junction of the subequal tarsal III and tarsal IV situated directly above the 
contact of metatarsal III and IV, as shown in Figure 70. Metatarsals II and 
III were tightly bound together and in contact for more than half their 
length. (YPM 5217, a nearly perfect third metatarsal shows a long flat inner 
surface that extends over more than 75% of its length, and in metatarsal IT of 
YPM 5205 the counterpart scar extends almost to the distal extremity.) Meta- 
tarsal IV diverged more widely from III and contacted the latter only proximally. 
The very pronounced asymmetry of the distal facet of II is probably related to 
the extensive contact of the second and third metatarsals. The divergence of 
III and IV clearly broadened the weight-bearing part of the foot. The tight 
apposition of II and III probably provided reinforcement of digit IT. 

The fifth metatarsal is preserved in place in the right pes of AMNH 
3015, and several isolated fifth metatarsals were recovered at the Yale site. This 
bone has been reduced to a long but narrow splinter. It tapers distally to an 
irregular extremity. Proximally it is slightly expanded transversely, but com- 
pressed fore and aft. ‘The proximal end is strongly convex and the extent of its 
articular surface is well shown by texture and a faint, bordering ridge. The 
bone was situated along the posterior face of the fourth metatarsal shaft and 
articulated with that bone at the posterior-external margin of its proximal facet. 
A distinct concave notch exists at this point. The proximal end of V is 
flattened anteriorly for this contact. 


Phalanges 


The phalangeal formula of the pes is 2-3-4—5-0, (Figs. 73 and 75), the same 
as in most other theropods. The proximal phalanges are the longest elements, 
as usual, in digits III and IV, but not in digit II where the ungual is twice as 
long as the other phalanges. The articular facets of all phalangeal elements 
are well-formed and highly finished. With the exception of the proximal surface 
of the first phalanx of digit IV, all proximal phalangeal facets feature prominent 
lateral and medial concavities separated by a strong vertical ridge. The distal 
facets are all strongly grooved, nearly symmetrical, ginglymoid articulations. 
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In all phalanges except those of II, the ginglymus is bounded on both sides 
by very deep, subequal, collateral ligament fossae. In the penultimate phalanges 
these fossae are situated well above the geometric center of the ginglymus arc, 
a condition which is correlated with the lower limit of extension characteristic 
of the ungual as compared with more proximal phalanges. In the latter, the 
collateral ligament fossae are almost precisely at the geometric center of the 
articular arc. 

The phalanges of III and IV are normal in form and provided the usual 
ranges of extension and flexion at all joints. In all instances, the amount of 
flexion possible (50°) appears about twice as great as the degree of extension 
(25°), the precise arcs of rotation varying slightly from one joint to another. 
The unguals of digits III and IV are also of normal design, being slightly 
curved, strongly tapered bones with well defined, ridged articular facets. Both 
are quite robust and triangular in cross section, the ventral surface being 
broad and flat, as compared with a narrow and curved dorsal section. Strong 
grooves mark both lateral and medial surfaces. A massive, but not elongate, 
flexor tubercle is present at the proximal limit of the ventral surface im- 
mediately distal to the articular facet. The dorsal profile is slightly prolonged 
proximally at the upper limit of the articular surface for attachment of extensor 
ligaments. 

Digit one presents comparable phalanges except that the ungual is relatively 
shorter and deeper and is oval rather than triangular in section. These differ- 
ences undoubtedly are related to the fact that this digit probably was not used 
in walking and could not touch the ground under most circumstances. 

Digit II differs from the other digits in the enormous size and scimitar 
shape of the ungual and in the very large radius of curvature and peculiar 
form of the articular facets at all joints. The phalangeal articulations have 
been highly specialized so that the distal joint is for flexion only and the 
proximal interphalangeal joint is for extension only. 

As noted earlier, the distal extremity of metatarsal II is deeply grooved 


FIG. 74. Left pes of Deinonychus antirrhopus (YPM 5205) in internal aspect. Notice the extreme 
contrast in the form of the second and third unguals. The dotted line represents a conservative 
estimate of the size and shape of the horny claw carried by the ungual. 
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(Fig. 75). Accordingly, the proximal surface of the first phalanx is strongly 
ridged. ‘These features are as prominently developed here as at any joint on the 
other digits. T’o the best of my knowledge, this is unique to Deinonychus and 
related forms. Undoubtly, this joint provided the usual flexion and extension of 
the proximal phalanx but allowed little or no lateral or medial movement. 
As closely as I can measure it, the plane of flexion at this joint diverged 
approximately 25° from the axis of metatarsal III, partly a result of the medial 
deflection of the distal end of the second metatarsal, but also resulting from 
the pronounced asymmetry of the distal facet of that metatarsal (Figs. 73, 75). 

The distal end of the first phalanx of II is distinctive in that the ginglymoid 
facet is divided by an extremely deep groove. Moreover, this groove is not 
rounded in dorsal profile but is triangular, i.e., the groove is very narrow at 
the bottom, and both side walls of the groove are convex transversely as well 
as longitudinally. The proximal ridge of the second phalanx is correspondingly 
sharp-crested and not rounded in cross section and the flanks of this ridge are 
concave both transversely and longitudinally. The unusual form of this gingly- 
mus appears to have established absolutely perfect planar motion at this joint— 
only pure flexion and extension with no adduction or abduction or twisting 
of the second phalanx against the first. 

Another unusual feature is the extreme development of the ginglymus well 
above the dorsal surface of the shaft, extending far proximally in its dorsal 
development, rather than ventrally as in most instances. ‘This extension of the 
upper limits of the distal facet greatly increased the radius of curvature and 
provided an unusual degree of extension, whereas the restriction of the inferior 
limits of these surfaces reduced the amount of flexion possible, as shown in 
Figure 76. The enlarged radius of curvature of these articular facets probably 
strengthened these joints as well as changing the movements possible. 

The proximal end of the second phalanx is extended ventrally into a very 
robust proximal projection or “heel.’’ The articular facet extends over the 
length of this ventral heel, so that the ventral limit of the facet reaches far 
proximal to the dorsal limit. As shown in Figures 75 and 76, when in articulation 
with the proximal phalanx, this heel extends far beneath the distal end of the 
adjacent bone. Quite probably, this structure was the attachment site of a 
powerful flexor muscle, but notice that flexion was also limited by this process. 
On the other hand, this joint permitted perhaps as much as 90° of extension, 
a unique adaptation to provide considerable planar extension, apparently to 
elevate the ungual well off the ground, or at least to separate it widely from 
the adjacent digits. ‘The proximal heel may have been developed to increase 
the leverage of flexors that attached in this region and which probably served 
to resist the tendency for the distal phalanges to be “extended” whenever the 
claw was applied against the flesh of a victim. 

The distal end of the second phalanx bears a very large and very deeply 
grooved ginglymoid articular facet with an unusually large radius of curvature. 
Again, the groove is triangular in cross section—sharply defined at the base and 
broad above. The facet arc is nearly circular and passes through approximately 
180°. Unlike the previous ginglymus, however, the present one is extended 
ventrally, reaching far proximally in its ventral limit, but is not excessively 
developed in its dorsal limits. The collateral ligament fossae, which are relatively 
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FiG. 75. The digits of the left pes of Deinonychus antirrhopus (based largely on YPM 5205) in 
medial aspect. Outlines of the proximal extremities of each element occur above each digit, 
outlines of distal extremities are below. Notice the differences in the articular facets and cross 
sections between ungual II and unguals III and IV. 
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small but extremely deep, are accentrically located, well above the center of the 
ginglymus arc. The positions of these fossae and the ventral extension of 
the articular surface permitted considerable flexion, but very little, if any, 
extension (Fig. 76). The three joints of digit II are highly specialized to a 
condition that has not previously been noticed among theropods. Following 
recognition of this condition in Deinonychus, owing to the remarkable pres- 
ervation of the Yale material, nearly identical specializations have been found 
in several other species (Fig. 80). ‘These are discussed in a following section. 

The ungual of digit II is the most impressive of all the foot elements, and 
therefore deserves more detailed comments. The ungual closely resembles the 
strongly recurved, laterally compressed and trenchant claws of the manus, but 
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Fic. 76. Medial outline of the second digit of the pes of Deinonychus antirrhopus (YPM 5205) 
showing maximum flexion (solid lines) and the unusual degree of extension (dashed lines) pos- 
sible at the two distal joints. Extension is achieved largely between the first and second phalanges 
and flexion largely between the second and third phalanges. Extreme extension appears to have 
been an adaptation to elevate the digit off the ground and thus protect the claw from damage 
while walking. 


it is much larger, more strongly recurved and more trenchant—almost blade- 
like (compare Figs. 74, 75 and 77 with Fig. 63). Originally, in fact, I thought it 
to be a manus claw (it was found several inches away from the rest of the 
foot—YPM 5205—in the Yale quarry) because it was so much larger and very 
different in form from the unguals found in articulation in pes digits III and 
IV. However, the articular facet is much too large for any phalanx of the 
manus and it articulates perfectly with the penultimate phalanx of the second 
pedal digit found in articulation. Subsequent finds have verified this relation- 
ship. 

The ungual articular facet is a deep, nearly circular curve in lateral view 
and a parallel-sided, narrow rectangle in proximal view. This facet is bisected 


by a very strong, sharp-crested, vertical ridge which fits “like a cast in a mold” 
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into the distal facet of the second phalanx. Its form provided perfect planar 
rotation (flexion) of the ungual through an arc of 90° or more. Figure 76 
illustrates the maximum degrees of flexion and extension permitted by these 
joints. 

An additional feature that seems to be distinctive of Deinonychus and 
closely related forms and that distinguishes this second ungual from similar 
trenchant and strongly recurved claws of other theropods (whether of manus 
or pes) is its abrupt curvature relative to the chord of the articular facet 
(the line connecting upper and lower extremities of the articular facet when 
viewed laterally). This abrupt curvature is most apparent when comparable 
unguals are oriented in identical positions, as for example in Figure 77a-e, 


FIG. 77. Comparison of the second pedal ungual of Deinonychus (a) with raptorial type manus 
unguals of Deinonychus (b), Ornitholestes (c) and Allosaurus (d), all drawn in simple profile, 
one third natural size. The second ungual of the manus of Ornithomimus (e) is included to pro- 
vide comparison with a straight, non-raptorial ungual form. To facilitate comparison, all have 
the chord of the articular facet arc oriented vertically. This chord has been extended (h) to 
meet a perpendicular (e) from the ungual extremity. The differences in ungual form are obvi- 
ous; these may also be expressed by the ratio of height (h) to extension (e). The radius (r) of 
ungual rotation (flexion) has been drawn (heavy dashed line) from the center of rotation to 
the extremity of each ungual. These radii may also be considered as ungual lever arms. The 
arrows indicate the projected trace of the inner cutting edge of each ungual. Notice the contrast 
in arrow orientation relative to the vertical chord of the articular facet. See text for further dis- 
cussion. All linear dimensions are in centimeters. 

Deinonychus antirrhopus, pes digit If, YPM 5205 

Deinonychus antirrhopus, manus digit IH, YPM 5206 

Ornitholestes hermanni, manus digit 11], AMNH 587 

Allosaurus fragilis, manus digit I, USNM 4734 

Ornithomimus sedens, manus digit II, USNM 4736 
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where the articular facet chord is oriented vertically. As shown in Figure 
77a, the ungual of Deinonychus curves through a far greater arc (160°) than 
do any of the other examples, including the claws of the manus of Deinonychus, 
yet it features the shortest ungual extension (e) perpendicular to the articular 
facet chord. The ratio of ungual extension to height (h) is much less (.45) 
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in the second digit of the pes in Deinonychus than it is in unguals of the 
manus in Deinonychus (1.62), Ornitholestes (1.52) or Allosaurus (.73). This 
relationship is also evident in the much steeper orientation of the radius of 
ungual flexion (r) drawn from the center of rotation to the tip of the ungual 
(Fig. 77a-e). The second manus ungual of Ornithomimus sedens is included 
in Figure 77 (e) to illustrate the opposite extreme of ungual form. 

The functional significance of this extreme curvature is not entirely under- 
stood, but the condition appears to be correlated with the orientation of the 
extremity and the cutting edge (inferior distal curvature) relative to both the 
articular facet and the lever arm (r) of the ungual. Compare the attitudes 
of the five arrows indicating the axis of each cutting edge at the extremity in 
Figure 77. It is obvious, I think, that the attitude of a claw extremity is the 
critical factor in its design. The fact that the extremity of the present ungual is 
actually directed backward toward the articular facet chord, and the cutting 
edge faces backward rather than downward, suggests that retraction or a back- 
ward phase to the stroke may have been as important as flexion during use of 
this structure. Application of this claw probably involved an initial downward 
stroke produced by flexion from the fully extended position (Fig. 76) probably 
at all three digit joints and perhaps also by flexion at the mesotarsal joint and 
the knee. This may have been continued as a downward and backward stroke 
(retraction) produced by the flexors of the lower limb and the femoral retrac- 
tors. Hypothetical as this picture is, it provides the best explanation for the 
unusual position of the ungual extremity relative to the articular facet and 
the unusual degree of curvature. 

The actual arc through which the Deinonychus claw moved during use 
was produced by movements at several joints. It is not possible to reconstruct 
which joints flexed (and to what extent), which were fixed and which extended. 
Nor is it possible to determine the sequence of joint actions or the instant of 
particular joint action during the offensive stroke. Therefore, it is not possible 
to determine the precise angular relationships between the piercing talon and 
the surface under attack. However, we can evaluate the relationships of the 
two distal segments of this weapon system. The point about which the ungual 
rotated during flexion against the adjacent phalanx is known and the arc of 
ungual flexion can therefore be determined. That arc probably exceeded 90° 
and its radius was at least 80 mm. The radius of rotation of the horny claw 
probably exceeded 100 mm. 

The radius of ungual rotation also represents the ungual lever arm. The 
dashed lines (r) of Figures 77 and 78 represent the lever arms of the various 
unguals illustrated, connecting the fulcrum of each to the ungual extremity. 
Considering the unguals alone, the maximum force that can be applied by the 
ungual as it pivots about its fulcrum acts perpendicular to this lever arm 
(tangential to the arc of ungual flexion). In Figure 77a-e, it is evident that 
the extremity of the Deinonychus pedal ungual deviates from the perpendicular 
by a smaller angle than do the extremities of the other unguals illustrated. In 
other words, the ungual shape in Deinonychus very nearly coincides with the 
axis of maximum force and thus is designed for maximum penetration. Figure 
78 illustrates these features in greater detail. The same four raptorial unguals 
of Figure 77 are shown here, but they have been drawn so that all ungual levers 
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Deinonychus 


Deinonychus 


Ornitholestes 


Allosaurus 


Fic. 78. Comparison of ungual form and mechanics of the second pedal ungual of Deinonychus 
(a) with the second manual ungual of Deinonychus (b), the first manual ungual of Allosaurus 
(c) and the third manual ungual of Ornitholestes (d). All unguals are drawn to unit length so 
the ungual lever arms or radii of flexion (heavy dashed lines) are equal. The vertical lines 
to the left of each give the true scale in centimeters. The small dashed-line circles represent 
projections of the curvature of the articular facets on the penultimate phalanges. Notice the 
comparatively small angle between the cutting edge of the ungual and the arc of rotation of the 
Deinonychus pes claw (a) as compared with the others. See text for further discussion. All linear 
dimensions are in centimeters. 

a = Deinonychus antirrhopus, pes digit Il, YPM 5205. 

b = Deinonychus antirrhopus, manus digit II, YPM 5206. 

c = Allosaurus fragilis, manus digit I, USNM 4734. 

d = Ornitholestes hermanni, manus digit III, AMNH 587. 


are equal. The actual length of each lever arm is given in centimeters and 
the scale for each is shown by the heavy vertical lines. The cutting edge of 
the Deinonychus pedal ungual (Fig. 78a) forms a very small angle (25°) 
with the arc of flexion. A comparable or smaller angle must have existed 
with respect to the horny claw. Contrast this small angle with the much larger 
angle of attack of the other theropod unguals (Fig. 78c and d) and that of the 
second manus ungual of Deinonychus (Fig. 78b). It would appear that selection 
has shifted the angle of attack to more nearly coincide with the arc of attack of 
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the claw, thereby providing maximum cutting power and at the same time 
reducing the resistance component (which here acts along the tangent line 
perpendicular to the lever arm). There can be little doubt that the claw of 
Deinonchus was well adapted for deep penetration and effective slashing or 
cutting. 

The ungual itself appears disproportionately large, relative to the other 
bones of the foot, but the horny claw must have added another 25 or 50 percent 
to its length. My own observations of the claws and unguals in a number of 
variously aged crocodilians, lizards and birds of prey indicate that the claw is 
rarely less than 25 percent longer (and sometimes is as much as 50 percent 
longer) than its supporting ungual. For Deinonychus this would mean a claw 
of more than 120 mm length, or nearly three times as large as the claws of a 
full-grown lion. A very conservative reconstruction of this claw has been out- 
lined in Figure 74. 


FUNCTIONAL SIGNIFICANCE OF THE PEs 


In my opinion, the foot of Deinonychus is perhaps the most revealing bit of 
anatomical evidence pertaining to dinosaurian habits and capabilities to be 
discovered in many decades. Grandiose statements of this kind are, of course, 
easily rejected, but the functional implications of the pes of Deinonychus 
are not so easily discarded—especially in view of the other remarkable adapta- 
tions of this animal. Deinonychus must have been anything but “reptilian” in 
its behavior, responses and way of life. It must have been a fleet-footed, highly 
predaceous, extremely agile and very active animal, sensitive to many stimuli 
and quick in its responses. These in turn indicate an unusual level of activity 
for a reptile and suggest an unusually high metabolic rate. The evidence for 
these lie chiefly, but not entirely, in the pes. 

Deinonychus was an obligatory biped, yet the standard tridactyl theropod pes 
has been modified to a didactyl foot bearing a highly specialized offensive or 
predatory structure—a large sickle-clawed second toe. Stance and locomotion, 
the primary functions of the pes, especially in bipeds, were transferred entirely 
to the two remaining outer digits (III and IV). The second digit lost these 
usual pedal functions and became adapted exclusively for predation. 

The nature of the sickle-shaped second ungual clearly establishes that this 
digit had little, if anything, to do with locomotion and that its primary 
function was to cut or slash. This is substantiated by the unique proximal 
interphalangeal articulation which provided extreme extension, whereby the 
claw could be elevated well above the ground, by the expanded distal ginglymus 
which permitted a sweeping 90° arc of flexion for the claw (Fig. 76), and by the 
unusual form of the ungual. 

It is quite clear that this solitary, trenchant and strongly recurved claw 
was not designed for grasping (the claws of the other digits are distinctly 
not raptorial), nor does it appear to be suited for digging. The only obvious 
alternative function is one of cutting or slashing. But this alternative function 
requires extraordinary responses of equilibration and agility, for the claws could 
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not have been used in this fashion as long as both feet were on the ground. 
Use of these claws was entirely dependent upon the animal’s agility and its 
ability to stand on one leg—even while subduing its prey. The full retractile 
powers (power stroke) of the femur and lower leg provided more than adequate 
slicing power for this device. 


5. HABITS OF DEINONYCHUS 


From the skeletal remains now known to us, adult specimens of Deinonychus 
antirrhopus can be described as standing slightly more than one meter high 
at the head, measuring not more than 2.5 m in length in normal posture, but 
reaching somewhat over 3 m from snout to tail tip when stretched full length. 
Judging from the relative robustness of tibia and dorsal vertebrae, live weight 
may have ranged from 60 to 75 kg. The animal was a flesh-eater (the sharp, 
serrated dentition leaves no doubt about that) and almost certainly a predator. 

In posture, Deinonychus was a biped, and the anatomy of the fore limb 
and manus establishes beyond doubt that it was an obligatory biped (Fig. 
79). The fore limbs could not have been used for locomotion and probably 
were not used even for momentary quadrupedal stance. The vertebral column 
contains several interesting features that indicate a quite different posture than 
has usually been suggested in the past for theropodous dinosaurs. The neural 
spines of the dorsal vertebrae bear very prominent anterior and posterior 
scars that exactly duplicate scars on the thoracic vertebral spines of large 
ratites such as the extinct moa (Dinornis) and the modern ostrich, emu and 
cassowary. In the living ratites these bony scars are the sites of attachment of 
robust and very strong interspinous ligaments. Ratites normally maintain the 
dorsal vertebral series in a nearly horizontal attitude and robust interspinous 
ligaments are required as strong anti-tension fibers to resist the force of gravity 
and prevent the thoracic column from sagging. The striking similarity of these 
scars in ratites and Deinonychus is strong evidence of a similar horizontal 
attitude for the dorsal vertebrae and trunk region in the latter, rather than the 
traditional inclined attitude that has been illustrated for theropods so many 
times in recent years. The cervical vertebrae of Deinonychus seem to confirm 
this horizontal posture. These are sharply angled or wedge-shaped with the 
anterior face of the centrum well above and not quite parallel to the posterior 
face. The result is a pronounced, natural curve of the neck, quite similar to, 
but not as long as that in living ratites. Such curvature of the neck would be 
inconsistent with a sloping thoracic column, but is entirely consistent with a 
horizontal trunk. 

Regarding locomotion, the hind limbs of Deinonychus appear to have been 
powerful limbs for moderately, but not unusually, fast running. The absence 
of a femur in present collections leaves this as an incompletely documented 
hypothesis because we cannot determine the exact ratio of fore limb to hind 
limb (the usual parameter of bipedality) or the ratio of propodial to epipodial 
(the usual index of cursorial ability). However, elongation of the metapodials 
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is a well-established index of fleet-footedness—witness the long epipodials and 
metapodials of antelope, deer, the cheetah and most fast-running ground birds. 
On this evidence, Ornithomimus altus with a tibia 115 percent as long as the 
femur and a metatarsus equal to 70 percent of tibia length has been con- 
sidered very fleet of foot. Ornitholestes, though, has a tibia that is shorter 
than the femur by 15 percent, yet has a metatarsus that relatively is the 
longest of all theropods—75 percent of tibia length. These contrasting examples 
raise major doubts about extrapolating femur length from the relative lengths 
of metatarsus and tibia. The significant fact, however, is that the metatarsus of 
Deinonychus is the shortest, relative to tibia length, of any presently known 
theropod; it equals only 48 percent of tibia length. What this means is not 
clear, but it suggests that Deinonychus may not have been as fleet-footed as 
were many other theropods. More will be said of this peculiarity below. 

The dentition of Deinonychus establishes that the basic diet was one of 
flesh. Although this animal may have been a carrion feeder, there is a sig- 
nificant body of evidence that indicates it was a very active predator. First, there 
are the long fore limbs with long hands bearing large, trenchant and raptorial 
claws. Second, the humerus and radius and ulna appear to have been capable 
of considerable abduction-adduction and the fore arm perhaps was capable of 
some pronation-supination. Third, the articular facets of the carpus clearly 
provided very precise abduction-adduction (up to 95°) and some 45° of pro- 
nation-supination of the manus. There can be little doubt that the hands and 
fore limbs of Deinonychus were well-adapted for grasping and holding. Such 
capabilities strongly suggest predation rather than scavenging. Add to this the 
highly specialized, sickle-like talon on the inner toe—a four- or five-inch-long 
weapon that could only have been used for cutting or slashing. Finally, consider 
the unusual anatomy of the caudal vertebrae that seems explicable only as a 
balancing adaptation—a dynamic stabilizer. When all these features are con- 
sidered together, we have a rather convincing picture, I think, of Deinonychus 
as an active and very agile predator. It appears that this animal caught and 
held its prey in its fore hands and disemboweled it with the large pedal 
talons. This of course would require that Deinonychus stand, at least mo- 
mentarily, on one foot while it ripped the victim’s flesh with the claw of the 
opposite foot. It is of special interest here that both the ostrich and the cassowary 
are capable of inflicting serious injury with the large claw on the inner toe. Gilliard 
(1958) has noted that the cassowary can easily sever an arm or disembowel a man 
with its long sharp claws on the inner toes. The ostrich prefers to run, but when 
forced to fight slashes out with powerful kicks capable of ripping open man or 
lion (Austin, 1962). 

Returning for a moment to the unusually short metatarsus of Deinonychus, 
I am tempted to relate this condition to the specialized second pedal digit. It 
is quite reasonable to suppose that a structure of this design requires more 
than ordinary force. Elongation of the distal limb components increases the 
length of the stride, but reduces the total force that can be exerted at the 
extremity because the resistance lever arm (total limb length) is several times 
as long as the applied force lever arm (that fraction of femur length between 
the acetabulum and the insertion of the femoral retractors). On these grounds 
we can suppose that femur length in Deinonychus exceeded tibia length. In 
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any case, there seem to be sound mechanical reasons for equating the relatively 
short metatarsus of Deinonychus with non-locomotory activities. An interesting 
point that seems to substantiate this is that among the large living ratites only 
the cassowary bears a specialized offensive claw on the foot and the cassowary 
also has the shortest tarso-metatarsus relative to tibia length, although it is not 
as reduced as that of Deinonychus (Table 12). 

The modified tail of Deinonychus appears to have been the critical stabilizing 
mechanism as predator and prey struggled. The large size of the ungual of 
the second toe (which was perhaps only half the size of the actual claw) 
suggests that Deinonychus may not have limited its predation to small animals, 
but may have attacked animals its own size or even several times larger than 
itself, for the pedal claw clearly was designed for deep penetration. This 
perhaps explains the unusually large skull and jaws. The above supposition 
does not seem so unreasonable when we recall that at least three and perhaps 
four or five individuals are represented among the Deinonychus remains collected 
from just a small area at the Yale site. These remains were associated with 
fragments of only one other species—a moderate-sized ornithopod that weighed 
perhaps five or six times as much as Deinonychus. The multiple remains of the 
latter suggest that Deinonychus may have been gregarious and hunted in 
packs. 

The only specific evidence pertaining to the possible prey of this little 
carnivore are the fragmentary remains of the medium-sized ornithopod found 
in the Yale Deinonychus quarry. We cannot be certain that these remains are 
those of predator and prey, but we can be sure that they were not washed 
together by stream action. The close association of extremely delicate skull and 
postcranial remains with absolutely no indication of water action, abrasion, or 
normal chemical decomposition, all preserved in a fine-grained clay stone, in- 
dicate that these animals died together at or close to that spot. The fauna 
of the Cloverly Formation has not as yet been described, but it is presently 
under study (Ostrom, MS). Major tetrapods identified to date include small 
and moderate-sized ornithopods, small sauropods, a medium-sized nodosaur, 
large and small theropods, crocodilians and turtles. The medium-sized ornitho- 
pod is by far the most common element in the known fauna and (in view of 
its association in the Yale quarry) appears to be the most likely candidate as 
Deinonychus prey. An additional interesting fact that can hardly be explained as 
coincidental is that Deinonychus-type teeth (but nothing else) have been found 
associated with skeletons of this same ornithopod at 14 other sites in the Cloverly 
Formation. 


6. AFFINITIES OF DEINONYCHUS 


It should be evident from the preceding discussion that Deinonychus is distin- 
guished by several unusual features. These are unusual in part because they 
have not previously been recognized in other taxa. Consequently, the relation- 
ships and phyletic position of Deinonychus are not easily established. In fact, 
I am unable to place this taxon in either of the conventional theropod in- 
fraorders—Coelurosauria or Carnosauria—with absolute certainty. For this rea- 
son, the infraordinal rank was intentionally omitted from the systematic sum- 
mary at the beginning of the section on systematics. 

The following points illustrate the problem. Of 35 non-carnosaurian traits 
listed by Romer (1956) as typical of coelurosaurs, 20 are characteristic of 
Deinonychus. Of 36 non-coelurosaurian traits ascribed to carnosaurs, 13 are 
true of Deinonychus. Eleven traits cited by Romer as characteristic of both 
infraorders are present in Deinonychus. From these tallies, Deinonychus would 
appear to be more coelurosaurian than carnosaurian, but the most significant 
point is that Deinonychus features both carnosaurian and coelurosaurian char- 
acters that are otherwise not generally recognized in representatives of the 
other infraorder. In addition to these there are a number of characters that 
are not known in either group. 

A selection of 20 different anatomical ratios were determined for the present 
materials and for four other taxa from each infraorder. Representing the 
Carnosauria were Allosaurus, Gorgosaurus, Albertosaurus and Tyrannosaurus. 
The Coelurosauria included Ornithomimus, Ornitholestes, Compsognathus and 
Coelophysis. These taxa were selected because a) there seems to be no dis- 
agreement among paleontologists as to which infraorder each belongs and 
b) all are represented by reasonably good and complete skeletal remains so that 
most of the 20 ratios could be determined. These 20 ratios are listed in 
Table 12. 

In some instances the ratio ranges of the coelurosaurs overlapped or coin- 
cided with the ratio spread of the carnosaurs, as, for example, in the ratio 
of manus to pes length. In the four carnosaurs the manus ranged from 25 percent 
to 70 percent of pes length, whereas in the coelurosaurs it ranged from 40 
percent to 70 percent. The range common to both (i.e., 40 to 107,) 3S 
nondiscriminate and might be considered as the generalized theropod range and 
had the ratio in Deinonychus fallen within that range it would have been 
so classified. If, however, it fell within the range exclusively carnosaurian 
(i.e., 25 to 40%) it would have been counted as a carnosaurian condition. In 
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the present example, the Deinonychus ratio of manus to pes falls well outside 
both ranges; the manus equals an extraordinary 92 percent of pes length. This 
was counted as a Deinonychus character. The final tally of the 20 ratios measured 
was: six coelurosaurian, six carnosaurian, six Deinonychus and two generalized 
theropod. This substantiates my previous assessment of Romer’s list of car- 
nosaurian and coelurosaurian characters as applied to Deinonychus. 

A simple solution would be to adopt the majority category and place 
Deinonychus in the Coelurosauria, but such action would obscure the most 
important point—that many of the presumed carnosaurian and coelurosaurian 
traits are not exclusive. To abandon these characters and refrain from using 
them in a definitive systematic manner only avoids the main issue. Do the 
infraorders Carnosauria and Coelurosauria really represent natural categories? 
Looking at Deinonychus again, in skull morphology it seems more carno- 
saurian than coelurosaurian; the mandible, however, is distinctly coelurosaurian. 
The manus is definitely coelurosaurian, but the foot, excluding the second 
digit, is distinctly carnosaurian. The cervicals and dorsals are carnosaurian, 
but the caudals appear to be coelurosaurian. The pelvis seems to fit neither 
category. For these reasons, I am not able to classify Deinonychus as either 
coelurosaur or carnosaur and I presently have strong reservations about the 
validity of these two categories. 

Although I have not been able to examine the type specimens of even a 
majority of theropod species, I have compared the present material with a 
considerable number of specimens, both type and other. To date, the only 
distinctive Deinonychus characters® that I have recognized in any other theropod 
are the tendency of the pes toward didactyly and the specialization of the 
second pedal digit into an offensive structure. Both these features are clearly 
present in specimens of Velociraptor mongoliensis (AMNH_ 5618), Saurorni- 
thoides mongoliensis (AMNH_ 5616), Stenonychosaurus inequalis (NMC. 8539) 
and Dromaeosaurus albertensis (AMNH 5356) (Figs. 80 and 81). 

Matthew and Brown (1922) established the subfamily Dromaeosaurinae 
for reception of the small theropod species, Dromaeosaurus albertensis, from 
the Oldman (Belly River) Formation of Alberta. The type (and only) specimen 
consisted of an incomplete skull, mandibles, teeth and a few foot bones. The 
authors noted certain similarities to Deinodon and provisionally assigned their 
new subfamily to the family Deinodontidae (= Tyrannosauridae of recent 
authors). At the same time, Matthew and Brown referred several other species 
to this subfamily: Laelaps explanatus Cope, 1876a; Laelaps falculus Cope, 
1876a; Laelaps cristatus Cope, 1876b; Laelaps laevifrons Cope, 1876b; Zapsalis 
abradens Cope, 1876b; and Coelurus gracilis Marsh, 1888; all but Z. abradens 
were referred to the genus Dromaeosaurus. Gilmore (1924), in comparing 
another small “Belly River” theropod with the type of Dromaeosaurus, ap- 
apparently accepted this new subfamily and its provisional assignment to the 
Deinodontidae, but he removed Coelurus gracilis Marsh (Dromaeosaurus gra- 
cilis) to his new species Chirostenotes pergracilis. Gilmore (1933) again 


6 After this report had gone to press, D. A. Russell showed me a radiale, associated with 
Stenonychosaurus remains from the Oldman Formation that, although smaller, does not differ 
in any significant way from that of Deinonychus. Thus, the Canadian genus probably had a 
similarly specialized carpus. 
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acknowledged the Dromaeosaurinae (including it in the Deinodontidae) and 
referred to it a number of indeterminate dinosaurian bones from the Iren 
Dabasu Formation of Mongolia. However, he qualified this assignment (p. 
39) by stating that “reference of these specimens to the subfamily Dromaeo- 
saurinae has no special significance further than to denote small, agile, light- 
limbed carnivores; they might equally well be assigned to the Coeluridae or 
Compsognathidae, except that both these families chiefly contain much older 
Jurassic representatives and the rest of the fauna shows a closer affinity to 
Upper Cretaceous forms.” Except for a recent citation by Kuhn (1966), which 
placed the Dromaeosaurinae in the Deinondontidae, Matthew and Brown’s 
subfamily has received only infrequent notice and apparently has not been 
generally accepted. There has in fact been a general avoidance of the sub- 
family rank within the Theropoda by nearly all students over the past half 
century or more. This, at least in part, is attributable to poor samples and 
inadequate anatomical data, but it must also be charged to a general tendency 
to overemphasize the taxonomic significance of minor anatomic features. 

The apparent rejection of Matthew and Brown’s subfamily is understand- 
able, in view of the fragmentary nature of the type and the very brief and 
inadequate description that established both the species and the subfamily. 
Until now the Dromaeosaurinae has been impossible to define, let alone assign 
to a higher category. This deficiency has been corrected by Colbert and 
Russell’s (1969) thorough analysis of Dromaeosaurus, and by the present 
material, which provides significant new evidence relevant to this matter. 
On the basis of the following evidence, I concur with Colbert and Russell’s 
decision to elevate Matthew and Brown’s Dromaeosaurinae to family rank. 
The following taxa are assigned to this family: 


Deinonychus antirrhopus Ostrom, 1969 

Dromaeosaurus albertensis Matthew and Brown, 1922 

Saurornithoides' mongoliensis Osborn, 1924 

Stenonychosaurus inequalis Sternberg, 1932 

Velociraptor mongoliensis Osborn, 1924 
Dromaeosauridae incertae sedis 

Chirostenotes pergracilis Gilmore, 1924 

Laelaps explanatus Cope, 1876a 


7 Confusion still exists regarding the name Saurornithoides, owing to misplaced footnote 
symbols in Nopcsa (1928). Recognizing Sauvage’s error in referring a theropod caudal centrum 
from the Jurassic of Portugal to Iguanodon prestwichii (Sauvage, 1897, p. 33 and Pl. VIII, 
figs. 7-10), Nopcsa intended to rename this as Teinurosaurus. The footnote mark, however, was 
erroneously placed adjacent to Saurornithoides. Nopcsa (1929) corrected this error in his adden- 
dum (p. 201): “[FJootnote 1 does not refer to Saurornithoides (line 19 from below) but to 
Teinurosaurus (last line of text)”, the former being only a citation of Osborn’s 1924 taxon and 
the latter his intended new name for the centrum mentioned by Sauvage. Huene (1932), ap- 
parently unaware of Nopcsa’s 1929 correction and believing that Nopcsa had intended to rename 
Sauvage’s centrum “Saurornithoides”, realized this name was preoccupied (Osborn, 1924) and 
renamed the same vertebra Caudocoelus sauvagei. Nopcsa’s name Teinurosaurus has clear 
priority over Huene’s Caudocoelus, but since Nopcsa failed to provide a specific name, 
Teinurosaurus is not valid. Regardless, Saurornithoides has been proposed only once (Osborn, 
1924) and thus is not a synonym of either Teinurosaurus (Nopcsa, 1928) or Caudocoelus 
(Huene, 1932). 
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COMPARISON OF DEINONYCHUS AND CERTAIN OTHER THEROPODS 


Among the elements preserved in the type of Dromaeosaurus are several foot 
bones and fragments that Matthew and Brown (1922: p. 384) found to be 
“very different from those of either Deinodon [Albertosaurus or Gorgosaurus] 
or Struthiomimus [Ornithomimus], but so fragmentary that they are not posi- 
tively identifiable, and no generic characters can be based upon them.” 

It is fortunate indeed that these foot elements were preserved, for they are 
the principal evidences for allying Dromaeosaurus and Deinonychus. It has 
been recorded elsewhere in this report that the bones of the pes of Deinonychus 
are unusual in a number of features. ‘These unusual pedal characters are 
unmistakably duplicated in the few fragments of the Dromacosaurus type. 
Neither Matthew and Brown (1922) nor Gilmore (1924) could assign these 
fragments with certainty to either the manus or pes (let alone to a specific 
digit). Io equate these pedal features and postulate phyletic affinities on the 
bases of a few fragmentary phalangeal bones is to invite challenge. Yet, as 
I have attempted to show in the description of these elements, the specialized 
nature of the foot of Deinonychus is so distinctive that even fragments of the 
second digit are recognizable and diagnostic. The inability of earlier students 
to identify the few foot elements among the remains of the type of Dromaeo- 
saurus is attributable to this unusual character of the foot and to the fact 
that a complete, articulated foot of this kind had not been recognized then. 
It is only now, with the discovery of Deinonychus, that this strange pes can be 
completely reconstructed. 

Although Matthew and Brown stated that the several foot bones of the 
Dromaeosaurus type specimen are ‘‘so fragmentary that they are not positively 
identifiable, and no generic characters can be based upon them,” they did 
devote several paragraphs to them and acknowledged their unusual nature 
(1922: p. 385): “The comparison of these bones with the complete manus 
and pes of Struthiomimus and Deinodon shows clearly that Dromacosaurus 
differs greatly in the construction of manus or pes, and suggests a less [sic] 
degree of specialization and reduction of the digits in manus or pes.” 

Because of the overall significance of these identifications in relating Dein- 
onychus and Dromaeosaurus, Table 13 compares Matthew and Brown’s iden- 
tifications with mine and with the specific elements of Deinonychus upon 
which my identifications are based. The Deinonychus numbers listed below 
YPM 5205 are specimen field numbers which were applied to all foot elements 
prior to their removal in the quarry. 

Matthew and Brown did not say so, but we may surmise (in view of 
Gilmore’s comments a decade later) that the apparent association of three 
metapodials with ginglymoid extremities in the Dromaeosaurus type is what 
confused matters. This metatarsal condition in a theropod pes was first re- 
ported by me (Ostrom, 1969). In most theropods the distal extremities of 
the second and fourth metatarsals are not grooved, but are broadly convex. 
Usually only metatarsal III develops a ginglymoid facet, although a faint 
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TABLE 13. Identification of Dromaeosaurus and Deinonychus foot bones 


Deinonychus 
————Dromaeosaurus albertensis (AMNH 5356)—————— antirrhopus 
Matthew and Brown, 1922 This report YPM 5205 
(1) Metapodial compared with Metatarsal II #64-55 
metacarpal II of Stru- 
thiomimus with deep 
ginglymoid groove. 
Metatarsal IV? 
(2) Smaller metapodial Metatarsal I #66-47 
(3) Three phalanges close fitting. First phalanx of II #64-53 
Suggested they go with (1). Second phalanx of III #64-24 
Thus (1) and (3) are digit Third phalanx of IV #64-25 
IV of pes. 
(4) Another phalanx “‘distinct Second phalanx of II #64-60 
in details’ from the others. 
(5) Another phalanx with basined First phalanx of I #64-62 


head related to smaller 
metapodial (2). 
Phalanx of I 
(6) Another phalanx, much Metatarsal III #64-57 
larger than others. 
“Possibly, but not prob- 
ably, this is a median 
metapodial.” 
The other Dromaeosaurus 
fragments pertain to: 


First phalanx of III #64-54 
Ungual of III #64-20 
Second phalanx of IV #64-26 


ginglymus may be present on metatarsal I. Consequently, we can appreciate 
Matthew and Brown’s summary statement (1922: p. 385) quoted above. 
Indisputable correlation of phalanges is extremely difficult, but, as Figure 
80 illustrates, at least two of the Dromaeosaurus phalanges correspond so 
perfectly to the unusual form of the first and second elements of digit II in 
Deinonychus that there can be no doubt of their identity. The proximal 
phalanx is modified to permit extreme extension, and the ventroproximal 
“heel” of the second phalanx clearly limited flexion—precisely as in Deinonychus. 
The grooved distal extremity of an element that almost certainly is the second 
metatarsal parallels that condition in Deinonychus and provides further support 
of the close affinities suggested here between these taxa. In this connection, 
Gilmore’s comments (1924: p. 2) are especially noteworthy: “After a careful 
comparison [of Dromaeosaurus foot elements] with the specimen here under 
consideration [Chirostenotes pergracilis| I share to some extent his [Matthew’s] 
doubt as to whether they pertain to the fore or hind foot. From analogy it 
would appear that one of the metapodials of Dromaeosaurus certainly belongs 
to the manus. Reference is made to ‘the distal half of a metapodial slightly 
larger than the mc II of Struthiomimus’’ which has a deeply grooved ginglymoid 
distal facet and a very distinct lateral appression surface [distal end of meta- 
tarsal II]. If this bone does not pertain to the manus, it represents a style of 
distal articulation the like of which has never before been known, so far as I 


8 Matthew and Brown, 1922, p. 384. 
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can discover, in the metatarsals of a carnivorous dinosaur’ (my italics) . Gilmore 
goes on to suggest that this fragment and the “three closely fitting phalanges” 
may belong to the third digit of the manus, and compares their relative short- 
ness with the manual phalanges in Ceratosaurus. He does note, however, that 
this latter feature is suggestive of the pes. 

The ungual of the second digit is not represented among the Dromaeosaurus 
foot elements, but the unusual nature of the second phalanx and the other 
bones of the second digit clearly indicate the existence of a Deinonychus- 
type pedal claw in Dromaeosaurus. Such an ungual has been illustrated for 
Dromaeosaurus in Figure 80 (coarse stipple), based on an isolated ungual 
(NMC 12240) from the Oldman Formation. Although this ungual cannot be 
referred with certainty to Dromaeosaurus at the present time, several factors 
suggest that it may well belong to this genus. First, the phalanges indicate 
such a claw; second, the ungual in question is not only sharply recurved and 
extremely trenchant, but it also has a very deep (high) and narrow, parallel- 
sided, articular facet precisely like that of Deinonychus and unlike the facets 
of most manus unguals; third, the flexor tubercle is relatively small (as in 
Deinonychus) in contrast with the much more prominent tubercles of typical 
manus unguals; fourth, and most significant, this ungual fits the second 
phalanx of Dromaeosaurus perfectly. Locality and stratigraphic data are not 
precise for either specimen, but both are from the Oldman Formation, and a 
Dromaeosaurus assignment is not at all unreasonable for this peculiar ungual. 

In addition to Dromaeosaurus, the Deinonychus-type specialization of the 
second pedal digit is present in the type specimens of Saurornithoides mongo- 
liensis (AMNH 6516), Stenonychosaurus inequalis (NMC 8539), and in Velo- 
ciraptor mongoliensis (AMNH_ 6518). Other specimens featuring this spe- 
cialization have also been recognized recently by D. A. Russell (personal 
communication) in the collections of the National Museum of Canada. All are 
from the Oldman Formation and appear to be referable to either Dromaeo- 
saurus or Stenonychosaurus. E. H. Colbert has also discovered an isolated 
phalanx (AMNH 6572) in the American Museum collections from the Iren 
Dabasu Formation of Mongolia which compares almost exactly with the proximal 
phalanx of digit II of Deinonychus, but is perhaps 20 percent larger. Thus, a 
sixth species, presently undefinabie, apparently is referable to this family. In con- 
nection with this last item, it is of particular interest that Gilmore, in his 1933 
report on the Iren Dabasu fauna, mentioned the existence of small dinosaurian 
foot bones and other elements under the Dromaeosaurinae and related these to 
Velociraptor and Saurornithoides! Gilmore did not intend this as a firm assign- 
ment; nevertheless, I am impressed with his intuition. 

It is evident that a number of small to medium-sized carnivorous dinosaurs, 
all of which seem to have possessed a peculiar Deinonychus-type of specialization 
of the second pedal digit, existed in the Cretaceous faunas of both North 
America and Asia. It seems probable that other examples will be discovered 
from other strata and other continents. Before considering these matters, though, 
a brief comparison of the foot structure in relevant taxa is in order. 

A) Dromaeosaurus albertensis Matthew and Brown, 1922 (Type: AMNH 
5356), Oldman Formation, Alberta, Canada. 

Pes represented by eleven fragmentary or complete foot bones, including 
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part or all of metatarsals I, II and III, first phalanx of digit I, phalanges 1 and 
2 of digit II, phalanx 2 and fragments of 1 and 4 of digit III, and phalanges 
2 and 3 of digit IV. The elements of the second digit are indistinguishable 
from those of Deinonychus, save for their smaller size. Other elements of the 
pes appear normal. 

B) Velociraptor mongoliensis Osborn, 1924 (Type: AMNH 6515; 6518), 
Djadochta Formation, Shabarakh Usu, Mongolia. The type specimen (AMNH 
6515) consists of a skull and mandibles and an incomplete manus. An associated 
specimen (AMNH 6518) consists of a nearly complete right pes, including all 
five metatarsals, a tarsal (IV?), all phalanges of digits I and II, and two 
incomplete phalanges of both III and IV. The digital formula probably was 
2-3-4-5-0. The first metatarsal appears to have been incomplete proximally, 
as in Deinonychus and apparently in Dromaeosaurus, and also Allosaurus 
and others. The fifth metatarsal is splint-like and apparently shifted posteriorly 
behind the fourth metatarsal. 

Of particular importance is the character of the second digit bones of the 
pes: 1) the grooved distal ginglymus of the second metatarsal; 2) the elevated 
ginglymus of the first phalanx; 3) the proximal heel and the ventrally extended 
ginglymus of the second phalanx. Finally, there is the surprisingly large, 
strongly recurved and laterally compressed ungual, a much more sharply curved 
ungual than would ordinarily be expected on the pes. In all features, the 
second digit of Velociraptor compares very closely with that of Deinonychus, 
as is Shown in Figure 80. 

C) Saurornithoides mongoliensis Osborn, 1924 (Type: AMNH 6516), Dja- 
dochta Formation, Shabarakh Usu, Mongolia. The type consists of a skull, 
jaws, and an associated partial skeleton including parts of the pelvis, hind 
limb and pes. The latter consists of fragmentary or nearly complete meta- 
tarsals of the first four digits (the distal extremity of the second is not 
complete, unfortunately), three nearly complete phalanges of II and III, and a 
proximal and partial second phalanx of digit IV. There is no evidence of a 
fifth metatarsal. The pes digital formula appears to have been the usual 
2-3-4-5-0, but the two external digits remain in doubt. The nearly complete 
second digit closely resembles that of Deinonychus, particularly in the de- 
velopment of the large ventral proximal extension (heel) of the second phalanx 
and the over-sized, strongly recurved and trenchant ungual. 

D) Stenonychosaurus inequalis Sternberg, 1932 (Type: NMC 8539), Oldman 
Formation, Alberta, Canada. The type specimen consists of a nearly complete 
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Fic. 80. Comparison of the phalanges and unguals of the second digit of the pes in several 
theropods. The “extra” unguals at the right in all except (e) and (h) are from an adjacent 
digit, as marked. Notice the greater curvature of the second ungual in all except Compsognathus, 
Coelophysis and Allosaurus. Notice also the enlarged proximal “heel” on all penultimate 
phalanges except those of (a), (b) and (h). Notice further the elevated distal articular condyles 
of the first phalanx of all except (a), (b) and (h). See text for further discussion. The stippling 
in (e) indicates that this ungual is not positively referable to Dromaeosaurus. a) Compsognathus 
longiceps, YPM 1781 (cast); b) Coelophysis longicollis, AMNH 7224; c) Sawrornithoides mon- 
goliensis, AMNH 6516; d) Velociraptor mongoliensis, AMNH 6518; e) Dromaeosaurus alber- 
tensis, AMNH 5356 (Ungual = Dromaeosaurus?, NMC 12240); f) Stenonychosaurus inequalis, 
NMC 8539; Deinonychus antirrhopus, YPM 5205; h) Allosaurus fragilis?, YPM 4944. Restoration 
of the ungual of Stenonychosaurus is based on referred material (NMC 12340 and 1650). 
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left pes, astragalus and tibia fragment, fragments of a left manus, and some 
caudal vertebrae. A distinctive feature of the pes is the elongated metatarsus, 
which may include a pinched median metatarsal, according to Russell (per- 
sonal communication). The third and fourth digits are normal, and reduced 
first and fifth metatarsals are present. The incomplete second ungual is dis- 
tinctly larger than those of III and IV (even without the missing portions), 
and the two phalanges feature the Deinonychus specialties. The ventral proximal 
extension (heel) of the second phalanx is particularly well developed. Ad- 
ditional specimens (NMC 1650, 12340) confirm these pedal conditions (Russell, 
pers. comm.). 

Comparison of the morphology of the second digit and the metatarsus 
of these specimens (Figs. 80 and 81) indicates that dromaeosaurids may be 
separable into two distinct types (perhaps worthy of subfamily distinction). 
Considering the second digit first, in Deinonychus, Dromaeosaurus and Velocirap- 
tor, the two phalanges are subequal in length, the distal facet of the proximal 
phalanx extends significantly below the shaft as well as far above it, and the 
distal facet of the penultimate phalanx extends well above the shaft. Also the 
unguals are very strongly recurved and of disproportionate size. In Saurorni- 
thoides and Stenonychosaurus the proximal phalanx is considerably longer than 
the penultimate phalanx, the distal facet of the proximal phalanx does not 
extend appreciably below the ventral shaft surface, and the distal facet of the 
penultimate phalanx does not extend significantly above its shaft. Also, 
although the ungual is distinctly larger than adjacent pedal unguals, they are 
not as large or as strongly recurved in Saurornithoides and Stenonychosaurus 
as they are in Deinonychus, Dromaeosaurus (?) and Velociraptor. 

Turning to the metatarsus, that of Deinonychus is of medium length, with 
three subequal, robust metatarsals. Metatarsal III is not pinched proximally 
and the second metatarsal is deeply, although asymmetrically, grooved distally. 
The metatarsus of Velociraptor appears to be comparable in all of these 
features. The metatarsus of Dromaeosaurus is very fragmentary, but as noted 
previously, the second metatarsal is deeply grooved distally. The metatarsus of 
Saurornithotdes is also incomplete, particularly in the proximal portions and 
the distal extremity of metatarsal II. Thus we do not know the length of the 
metatarsus, the nature of the distal facet of metatarsal II, or whether the 
proximal end of metatarsal III was pinched. In Stenonychosaurus, however, 
the metatarsus is relatively much longer than in Deinonychus, the third meta- 
tarsal is strongly pinched between II and IV proximally, and the distal articular 
facet of metatarsal II is only slightly grooved (Fig. 81). 

On the basis of this evidence, I believe that Deinonychus, Dromaeosaurus 


——————— EEE — 


Fic. 81. Comparison of the pes in various theropods, all drawn to unit length. The heavy 
vertical lines equal 4 cm. a) Coelophysis longicollis, b) Ornitholestes hermanni, c) Comp- 
sognathus longiceps, d) Ceratosaurus nasicornis, (from Gilmore, 1920), e) Allosaurus fragilis(?), 
(from Gilmore, 1920), f) Deinonychus antirrhopus, g) Velociraptor mongoliensis, h) Saurornith- 
oides mongoliensis, i) Dromaeosaurus albertensis, j) Stenonychosaurus inequalis, k) Struthiomimus 
altus, (from Osborn, 1917), 1) Macrophalangia canadensis, (from Sternberg, 1935), m) Gorgo- 
saurus libratus, (from Lambe, 1917), n) Tarbosaurus efremovi, (from Maleev, 1955). Notice the 
subequal lengths of digits III and IV in Ornitholestes (b) and the dromaeosaurids (f, g, h, i 
and j). 
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and Velociraptor are closely related. Saurornithoides and Stenonychosaurus 
appear to be closely related to each other, but somewhat less closely related 
to the other taxa. Future discoveries may establish that the five species here 
assigned to the Dromacosauridae should be referred to two distinct subfamilies, 
but until existing specimens have been thoroughly studied or new evidence is 
found, any formal proposal to this effect is premature, in my opinion. 

With the exception of Stenonychosaurus, reasonably well preserved cranial 
material is available of all the taxa herein referred to the Dromaeosauridae. 
Only the briefest descriptions of these materials had been published at the 
time the present paper was submitted. Colbert and Russell (1969), however, 
have made a detailed analysis of Dromaeosaurus which will be most valuable in 
further assessment of the relationships between that taxon and other dromaeo- 
saurids. An urgent need still exists, however, for similar analyses of the crania 
of Velociraptor and Saurornithoides. 

At first glance there appear to be few similarities between the skulls of 
Dromaeosaurus, Deinonychus, Saurornithoides and Velociraptor (compare figs. 
] and 3 of Osborn, 1924, and fig. 1 of Matthew and Brown, 1922, with Fig. 4 of 
this report). Deinonychus and Dromaeosaurus are rather similar in having 
moderately deep skulls, whereas Velociraptor and Saurornithoides have relatively 
long, low skulls. Height to length ratios of the four skulls are as follows: 
Dromaeosaurus, 40; Deinonychus, .34; Velociraptor, .29; Saurornithoides, .24. 
These compare with .32 in Coelophysis, .85 in Ornitholestes, 40 in Gorgosaurus 
and .47 in Allosaurus and Tyrannosaurus. Personally, I do not think these 
skull proportions have any real taxonomic significance, but rather correlate 
with absolute size. 

Premax-maxillary and dentary tooth counts may have specific or perhaps 
even generic significance. ‘Tooth counts are as follows in the taxa in question: 


4+.99 : 4-415 : $4) (10 
Dromacosaurus +1; Deinonychus - : Velociraptor S$—2+ OO) — : 
5? + (21 — 22?) 


il 
thoides . These compare with &— OE 


42 + (15 — 162) 
2 
5417 4418 . : 4412 
“S 7 in Gorgosaurus and a 


nosaurus. ‘There is some evidence that the general trend among theropods was 
a reduction in dental counts, but it is obvious that tooth size relative to total 
tooth row length is the critical factor. Aside from tooth shape, both size and spac- 
ing, and tooth row length are key features in predation and feeding and we can 
assume that both are sensitive to the selective pressures imposed by particular 
kinds of food and methods of obtaining and eating it. Thus, how an animal feeds 
and what it feeds on must be related to the above differences in dental formulae. 
Whereas the primitive Coelophysis has many small teeth in a very long tooth 
row (approximating 75% of basal skull length), Ornitholestes has few relatively 
large teeth in a short tooth row (40% of basal skull length). I do not think we 
have sufficient data to consider the latter as necessarily advanced or progressive. 
Within the Dromaeosauridae, Deinonychus has relatively large teeth in a long 
row (55% of estimated skull length). Dromaeosaurus has similarly large teeth, 
but in a shorter tooth row (less than 50% of basal skull length). The tooth row 


Saurorni- 


in Coelophysis, + 9—™) 


in Ornitholestes, in Allosaurus, 


in Tyran- 


9 Matthew and Brown (1922) list ?3+9/10 but I counted four left premaxillary teeth and 
eleven alveoli in the dentary, as did Colbert and Russell (1969). 
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of Saurornithoides appears to be very short (40%), but the teeth are quite small 
and more closely spaced than in most other theropods. In Velociraptor the teeth 
can be judged as moderate in size and the tooth row of average (50%) length. 
Among dromaeosaurids, and theropods in general, there seems to be no particu- 
larly consistency in upper versus lower tooth row counts, but as a rule the 
premax-maxillary count is the higher of the two. 

Tooth form among theropods is perhaps even less reliable than is dental 
formula as a taxonomic criterion. The dromaeosaurids, however, may be the 
exception. All dromaeosaurid teeth appear to be laterally compressed, acutely 
tapered, recurved and serrated both fore and aft (except possibly in Sauwr- 
ornithoides). But, as was noted earlier, all teeth of Deinonychus are peculiar 
in the disparity of denticle size between anterior and posterior serrations. ‘To 
date, after examining hundreds of specimens including type specimens and 
other definitely assignable material, I have found this condition only in Dein- 
onychus antirrhopus, Velociraptor mongoliensis, and Laelaps explanatus (Cope, 
1876). This condition may have existed in Saurornithoides, but the abraded 
state of all observable teeth in that specimen preclude any interpretation. If 
anterior serrations are present, they clearly must be much smaller than the 
unusually large denticles of the posterior serrations (Table 2). It would be 
very important corroborative evidence for the systematic assignments made here 
if this condition were found in Saurornithoides, although it is already evident 
from Dromaeosaurus that this condition is not true for all dromaeosaurids. 
Thus, the mandibular teeth, none of which are visible as the specimen now 
stands, should be exposed by further preparation if at all feasible. Dro- 
maeosaurus shows little, if any, discrepancy in denticle size between anterior 
and posterior serrations. In fact, Dromaeosaurus teeth are not distinctive in any 
respect, as far as I can see, being rather standard, medium-sized, theropod-type 
teeth. 

Premaxillary teeth in three of the four present species tend to be triangular 
in cross section with the anterior serrations situated on the medial side of the 
crown and the posterior serrations at the rear. The U-shape, characteristic of 
Gorgosaurus and Tyrannosaurus and apparently also of Allosawrus, is present 
in Dromaeosaurus, but not in the other taxa. 

The taxa here assigned to the Dromaeosauridae appear to possess the 
following cranial features in common. 

1) Marginal teeth all sub-isodont with no great disparity in tooth size or 
shape along the maxillary or dentary series. 

2) Premaxillary teeth all markedly asymmetrical, but not U-shaped in 
section (Dromaeosaurus is an exception). 

3) Interdental plates are absent. 

4) Nasals are narrow and parallel-sided. 

5) Inferior process of premaxilla excludes maxilla from inferior border of 
the external nares (Saurornithoides may be an exception). 

6) Preorbital bar is very slender (Dromaeosaurus may be an exception). 

7) Second antorbital fenestra is small (Sawrornithoides appears to have a 
rather large second antorbital fenestra). 

8) Large, subcircular orbits. 

9) Peterygoids extremely narrow anterior to basipterygoid notch and do 
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not meet in the mid-line (condition unknown in Velociraptor and Sauror- 
nithoides). 

10) Ectopterygoids are complex and deeply pocketed posteroventrally (con- 
dition unknown in Velociraptor and Saurornithoides). 

11) Mandible is very shallow (moderately shallow in Dromaeosaurus). 

12) Presence of a large external mandibular fossa (possibly not in Dro- 
maeosaurus). 

Dromaeosaurus and Deinonychus, in addition to their relatively larger and 
deeper skulls, are similar in the undepressed muzzle, the greater depth of the 
maxillae, and the absence of even a shallow external depression or concavity 
in the maxilla containing the antorbital fenestrae. Velociraptor and Saur- 
ornithoides are more similar to each other in the smaller size and lower design 
of the skull, the depressed muzzle and the lower, longer maxillae with large, 
shallow, external depressions. 

Chirostenotes pergracilis (Gilmore, 1924), from the Oldman Formation of 
Alberta, may one day prove to belong to the Dromaeosauridae, but existing 
evidence is not conclusive. Gilmore (1924), Sternberg (1932), Romer (1956), 
Rozhdestvensky and Tatarinovy (1964) and Charig (1967) placed Chirostenotes 
in the Coeluridae. Romer (1945, 1966) and Lapparent and Lavocat (1955) con- 
sidered it an ornithomimid and Nopcsa (1928) referred it to the Compso- 
gnathidae. As shown in Figure 82, the slender proportions and relative lengths 
of the digits in Chirostenotes are much more like those of Ornitholestes 
and Deinonychus than of any other theropod. The chief differences from 
Deinonychus are: slightly less curvature of the unguals, smaller flexor tubercles 
on the unguals, ungual I is smaller than ungual II, and the first metacarpal 
(at least the distal half) is much more slender and less robust than its equivalent 
in Deinonychus. 

The type of Chirostenotes (NMC 2367) consists of incomplete, but ar- 
ticulated, left and right manus. Left manus: I—ungual and incomplete prox- 
imal phalanx; II—distal extremity of metacarpal and all three phalanges; 
IJJ—ungual and penultimate phalanx. Right manus: I—distal extremity of 
metacarpal and the first and second phalanges; I1I—third and fourth phalanges. 
The relative lengths of the digits are preserved in the type (Gilmore, 1924: 
pl.1), as are the probable relative positions of the first and second metacarpal 
extremities. Sternberg (1932: p. 100) noted the similarity between certain 
phalanges of Velociraptor and Chirostenotes and suggested that Velociraptor 
“might well be regarded as ancestral to Chirostenotes.” Gilmore (1924: p. 6) 
remarked that the manus of Chirostenotes is intermediate between that of 
Ornitholestes and Struthiomimus (= Ornithomimus) without explicitly stating 
such a phyletic relationship. But Gilmore erred, in my opinion, in his inter- 
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FIG. 82. Comparison of the manus in various theropods, all drawn to unit length. The heavy 
vertical lines equal 4 cm. a) Coelophysis longicollis, b) Ornitholestes hermanni, (from Osborn, 
1917), c) Compsognathus longiceps, d) Ceratosaurus nasicornis, (from Gilmore, 1920), e) Allo- 
saurus fragilis, (from Gilmore, 1920), f) Deinonychus antirrhopus, g) Oviraptor philoceratops. 
h) Velociraptor mongoliensis, i) Chirostenotes pergracilis, (from Gilmore, 1924), j) Struthiomimus 
altus, (from Osborn, 1917), k) Gorgosaurus libratus, (from Lambe, 1917), 1) Tarbosaurus efremovi, 
(from Maleev, 1955). (The elements outlined by long dashes in C are based on impressions 
[negatives], those in dotted lines are reconstructed from isolated phalanges slightly removed 
from the manus.) 
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pretation of “the elongation of mc I . . . [which] approaches the proportions 
found in Struthiomimus.” Neither the first nor the second metacarpal of 
Chirostenotes is complete, so their relative lengths are not known. However, 
the positions of the distal extremities of these two elements, as preserved 
in the articulated right manus of the type specimen, and seemingly sub- 
stantiated by the left manus, clearly indicates that the first and second meta- 
carpals were not subequal in length as in Ornithomimus, but were probably of 
quite disparate lengths, as in all other theropods. Thus, I see no evidence 
for equating Chirostenotes with ornithomimids, as Gilmore implied and Romer, 
and Lapparent and Lavocat later proposed. 

I suggest that Chirostenotes, on the basis of present evidence, is best allied 
with the Dromaeosauridae, but until further evidence is available, it is perhaps 
best assigned to Dromaeosauridae incertae sedis. 

Improbable though it may seem, there is the distinct possibility that the 
only known specimen of Chirostenotes belongs to one of the other theropods 
from the Oldman Formation. Suggestive but inconclusive evidence of this 
is the fact that the manus of Chirostenotes and the skull and reconstructed 
foot of Dromaeosaurus have approximately the same relative proportions 
to each other as do the manus, skull and foot of Deinonychus. On the basis of 
these extrapolations we must recognize the possibility that Chirostenotes per- 
gracilis is referable to Dromaeosaurus albertensis. 

The several other species referred to Dromaeosaurus by Matthew and 
Brown (1922: p. 376 and 378), (i.e. Laelaps explanatus, AMNH 3958; L. 
falculus, AMNH 3959; L. cristatus, AMNH 3954; L. laevifrons, AMNH 3961; 
Coelurus gracilis, USNM 4973) are based on inadequate material and cannot 
definitely be assigned to any family. All of the Laelaps species are based on 
isolated teeth. Only those of Laelaps explanatus show significant disparity of 
denticle sizes of anterior versus posterior serrations, as has been noted in 
Deinonychus and Velociraptor. ‘The uniform size of anterior and posterior 
serrations in Dromaeosaurus teeth would seem to rule out reference of L. 
explanatus to Dromaeosaurus, so I consider it Dromaeosauridae incertae 
sedis. Marsh’s species Coelurus gracilis, based on a solitary broken ungual from 
the Arundel Formation of Maryland closely resembles the first manual ungual 
of Deinonychus, but it is less than one third as large. The specimen is totally 
inadequate and cannot be assigned with certainty to any taxon. 

Concerning the systematic position of the Dromaeosauridae, I have already 
noted that I cannot presently place this family in either the Carnosauria or 
Coelurosauria with any degree of confidence. The fact that other students 
have not always agreed on the affinities of the several dromaeosaurid genera 
reinforces my reservations. For example: Dromaeosaurus has been considered 
a coelurosaur by Charig (1967), Huene (1932, 1956), Romer (1956, 1966), 
and Rozhdestvensky and Tatarinov (1964), but a carnosaur by Matthew and 
Brown (1922), Nopcsa (1928), Russell (1935) and Zittel (1932). Velociraptor 
and Saurornithoides have been considered as coelurosaurs by everyone except 
Lapparent and Lavocat (1955) who referred both genera to the Megalosauridae. 
The several species that I have here referred to the Dromaeosauridae, insofar 
as they are known, appear to represent a natural group of closely related taxa. 
Collectively they possess a number of anatomical features characteristic of both 
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theropod infraorders, in addition to a number of characters that are not 
presently known in either carnosaurs or coelurosaurs. Colbert and Russell 
(1969) have given an excellent summary of these characters and have arrived 
at the same conclusion—that the Dromaeosauridae cannot be placed in either 
the Carnosauria or Coelurosauria. They have resolved this dilemma by pro- 
posing a new infraorder, Deinonychosauria, for reception of the Dromaeosauridae. 
Their proposal is a reasonable solution, but does it clarify the question of 
carnosaurs versus coelurosaurs? Do these categories really represent natural 
or meaningful entities? This is the question to which the three of us hope to 
address ourselves in the near future. 


ORIGIN OF THE DROMAEOSAURIDAE 


Although there are a number of features in which they differ, De:nonychus 
and later dromaeosaurids appear to be most easily derived from Ornitholestes 
of the Late Jurassic Morrison Formation of Wyoming. The principal evidence 
for this is in the foot and hand. 

A complete foot of Ornitholestes is not known, but on the basis of the 
type (AMNH 619) we can presume it had the normal theropod digital formula 
(2-3-4-5-0). The proximal phalanx of digit I, the penultimate phalanges 
of II and III, and the third phalanx of IV are missing in that specimen. 
However, as I have illustrated in Figure 81b, digit IV must have been ap- 
preciably longer than II and may well have equaled the median digit, as in 
Deinonychus. This is in sharp contrast to the subequal lengths of the second 
and fourth digits that is otherwise universally characteristic of non-dromae- 
osaurid theropods, as is shown in Figure 81. The pes of Ornitholestes may well 
have been functionally didactyl and borne a modified second digit, but this 
cannot be established on existing material. Another significant feature of 
Ornitholestes is the distinctly larger size of the second ungual compared with 
those of III and IV. Unfortunately this ungual is not well enough preserved 
to reveal more than its approximate size. Moreover, the penultimate phalanx 
is unknown, so it cannot be determined whether, or to what degree, the second 
digit resembled that of Deinonychus. The pes of Ornitholestes is clearly more 
similar to the dromaeosaurid condition than is that of any other well- 
known Jurassic theropod (Fig. 81). 

The manus of Ornitholestes has been reconstructed by Osborn (1917) 
from the type and a second specimen (AMNH_ 587) (Fig. 82b). Except for 
what appears to be a tiny splinter of metacarpal IV and the relatively shorter 
length of the first digit, it is remarkably similar to that of Deinonychus. The 
proportions and relative robustness of each of the digits and the form of the 
unguals are comparable in both species. This is particularly true for the very 
slender, even delicate, construction of digit III in each. The very slender 
third digit, in fact, appears to have been characteristic of Ornitholestes and 
dromaeosaurids, but not of other theropods. The shorter length of digit I in 
Ornitholestes may be an error. Osborn reconstructed I from a second specimen 
(AMNH 587) and II and III from the type. Thus, the manus of Ornitholestes 
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and Deinonychus may be even more similar than I have illustrated in Figure 
82b and f. Only Velociraptor (Fig. 82h) and possibly Chirostenotes (Fig. 821), 
among the species!® represented in that figure, bear comparable resemblances 
to Deinonychus in the proportions and construction of the manus. 

Ornitholestes differs from Deinonychus in its long, tapered ischium; long, 
slender pubis; a long and low anterior process of the ilium; relatively greater 
length of dorsal centra; the unusually short mandibular tooth row; enlarged 
premaxillary teeth; a robust preorbital bar with extensive contact with the 
maxilla and jugal; the absence of anterior serrations on the teeth; the apparent 
absence of a surangular foramen and an external mandibular fenestra; and the 
apparent absence of hyposphene-hypantrum articulations in the dorsal vertebrae. 
The list undoubtedly could be made longer, but it is sufficiently clear from 
these that there are major differences between these two taxa. Nevertheless, 
I consider Ornitholestes as very close, if not actually ancestral, to Deinonychus 
and later dromaeosaurids, 


10[ have reconstructed the manus of Compsognathus (Fig. 82c) differently from previous 
authors (e.g., Huene, 1926, fig. 56) on the bases of a superb cast in the Peabody Museum col- 
lections, photographs of the original specimen and Nopcsa’s interpretation (1930, pl. 18). The 
usual reconstruction is a tridactyl manus with an unreduced third digit. In my opinion, there 
is a distinct possibility that the third digit was reduced, perhaps to the extent of a vestigial 
metacarpal. The third metacarpal of the right manus appears to be a very short, thin, splint- 
like element. Whereas all the phalanges of I and II are represented, either articulated or 
slightly removed, there is no evidence of any phalanges of a size appropriate to the dimensions 
of the splint-like metacarpal III. Also, only four unguals are preserved, presumably the left and 
right unguals of digits I and II. 


ADDENDUM 


When this report was in page proof, I received from Dr. Eugene Gaffney an iso- 
lated fragment of a phalanx (PU 20589) which he had found in the Princeton 
University collections. The fragment is virtually identical to the proximal end of 
the second phalanx of pedal digit II of Deinonychus, except that the proximal 
“heel” is as long as that of Deinonychus whereas in all other dimensions the 
fragment is about one third smaller. The specimen was collected in 1947 from 
probable ‘‘Lance”’ strata at Polecat Dome near the middle of Sec. 31, T. 57 N., 
R. 98 W., Park County, Wyoming. Because this fragment almost certainly repre- 
sents a seventh species (undefinable at present) of dromaeosaurid, and because 
it extends the range of the family into probable Maestrichtian time, it is espe- 
cially important and warrants inclusion in this report. 
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